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Chapter U

Analysis of Communities at Risk in the HayWired
Scenario—Overview and Policy Implications
By Laurie A. Johnson1, Jamie L. Jones,2 Anne M. Wein,2 and Jeff A. Peters2

Abstract
This chapter adds a social dimension and long-term
perspective to the rich details of the hazard and immediate
impacts of the HayWired scenario for the nearly 7.7 million
residents of the San Francisco Bay region, California, and
their many communities. “Communities at risk” are places
where normal community functions will be severely impaired
or cease to exist for months, even years, after a disaster and
where residents may be forcibly displaced because of direct
damage to their homes and neighborhoods, or voluntarily
relocate because they cannot obtain services or otherwise
recover. The analysis of communities at risk for the HayWired
scenario is developed in three detailed sections that follow and
which are summarized in this overview—integrated building
damage and areas of concentrated damage; population
movements and vulnerabilities; and long-term community
recovery challenges. These analyses inform the development
of seven policy implications for improving community
resilience in the San Francisco Bay region ahead of such
a potentially unprecedented and catastrophic earthquake
disaster, and which are offered at the end of this overview.
A methodology to integrate the Hazus analysis of property
damage (buildings and contents) caused by ground shaking,
liquefaction, and landslides with the analysis of building damage
caused by fires following the moment magnitude 7.0 mainshock
of the HayWired scenario results in an estimated $74 billion
in cumulative property damage, with damage to 1 million
residential (containing 1.37 million housing units) and nearly
39,000 nonresidential buildings. Concentrated-damage areas are
defined by census tracts with extensive and complete building
damages affecting 20 percent or more of the building square
footage. A geographic analysis reveals a consistent pattern of
building damage for residential and nonresidential occupancies
in the urbanized parts of Alameda County and western Contra
Costa County, the Novato area of Marin County, and the Vallejo
area of Solano County. Concentrations of older, seismically
Laurie Johnson Consulting | Research.
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vulnerable buildings and the locations of post-earthquake fire
spread are major determinants of concentrated-damage patterns.
Development of this integrated view of property damage and areas
of concentrated damage are foundational steps in understanding
which people and places are most vulnerable to long-term
community recovery challenges in the HayWired scenario.
The integrated residential building damage as well as
extended outages from damaged water distribution systems
and other infrastructure in the HayWired scenario could result
in forced or voluntary displacement of 268,000 households or
720,000 people (around 10 percent of the total population for
the nine-county San Francisco Bay region). Furthermore, more
than 1.45 million people (or nearly 20 percent of the ninecounty population) live in areas with concentrated multifamily
residential building damage, which past disasters have shown
to be especially vulnerable to delays in housing recovery,
blight, and degraded neighborhood conditions. Nearly 350,000
people reside in areas of concentrated damage that also have
high levels of socially and economically vulnerable population
groups. Households with children and disabled persons,
homeless persons, and young and mobile households are also
known to contribute to population displacement after disasters,
and these population groups are also analyzed against the
integrated damage and socioeconomic vulnerability data.
All of these estimates provide different views of the
potential size and composition of people at risk of displacement
in the HayWired scenario. Available shelters in the central
nine-county region may quickly reach capacity, especially in
heavily impacted areas, such as Alameda and Contra Costa
Counties. Regional response plans identify potential host areas
in surrounding counties that are less likely to sustain heavy
damage. If the immediate sheltering needs exceed the 16-county
regional sheltering capacity, some people may need to relocate
to other parts of California or adjoining States. An already
constrained housing market, combined with a limited supply of
interim housing options, may impact the timing and ability of
people to return.
These analyses of people and places point to three longterm community recovery challenges that the San Francisco
Bay region is likely to face after a major earthquake like
that in the HayWired scenario: (1) with limited insurance
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availability, it will take considerable time and effort to assemble the financial resources necessary for the region’s recovery
and rebuilding; (2) the repair and replacement of 1.37 million
damaged housing units will require considerable funds and
create significant workforce and resource demands; and (3)
some areas will require substantial governmental intervention
and replanning in order to recover. Each of these challenges
is further analyzed and a typology of areas that may require
governmental interventions and replanning is developed. A
series of maps also integrate all elements of this analysis by
highlighting the areas with potentially intensive long-term
recovery challenges that could be caused by ground failure,
heavily concentrated building damage, and extended utility
and transportation outages and where these areas intersect with
vulnerable populations.
All these areas could also face additional damage from
aftershocks (or afterslip in areas along the fault rupture) and
increased vulnerability to other hazard events such as stormrelated flooding and slope failures, which may generate
uncertainty about the feasibility and affordability of repairs
and other long-term ripple effects, such as mortgage defaults
and a loss of property tax revenues for local and State
governments. The governmental interventions and replanning
actions that may be necessary to address these post-earthquake
conditions will take money, community engagement, and time
and the demands will likely come at a time when populations
are displaced and local government budgets are very
constrained because of a reduced tax base and the additional
costs of publicly owned facilities and infrastructure repairs.
Seven policy implications for improving community
resilience in the San Francisco Bay region ahead of such
a potentially unprecedented and catastrophic earthquake
disaster are identified. They are potential opportunities to:
(1) accelerate the seismic mitigation of homes; (2) strengthen
or replace infrastructure; (3) build more new housing for all
income groups; (4) promote seismic resilience in land use and
development policies across the region; (5) address population
movements and long-term displacement in local, regional,
and State preparedness, response, and recovery plans; (6)
plan for the management of long-term recovery at all levels of
government; and (7) develop a recovery financing strategy.

Introduction
Communities are self-organizing systems that consist of
many interdependent and interacting parts—physical, social,
political, economic, and institutional. When subjected to an
extreme event like a major earthquake, communities will
experience direct and indirect consequences that can ripple
outward across the community and even affect other places
(Alesch and others, 2009).
Disaster recovery happens as communities reconstitute
themselves as self-organizing systems and are able to function
in the new context in which they find themselves (Alesch and
others, 2009). The ability of communities to recover from a

disaster is a function of the extent of damage to the community,
the preexisting qualities and inequalities that enable them
to contain the cascading consequences of a disaster, and the
postdisaster policies and actions that also affect the recovery
trajectories of communities, their businesses, and their residents
(Haas and others, 1977; Comerio, 1998; Olshansky and others,
2006; Bolin, 2007; Smith and Wenger, 2007; Groen and
Polivka, 2010; Esnard and Sapat, 2014; Peacock and others,
2014; Fothergill and Peek, 2015; Johnson and Olshansky, 2017;
Kroll-Smith, 2018).
In this chapter, we consider how a moment magnitude
(Mw) 7.0 earthquake on the Hayward Fault and subsequent
aftershocks could affect the recovery of people, housing, and
communities in the San Francisco Bay region. Like most
major metropolitan areas, the San Francisco Bay region is
composed of a vast number of communities and every resident
belongs to more than one. There are 101 municipalities
and countless neighborhoods in the nine counties that abut
San Francisco Bay. The 2016 total estimated population
of the nine-county region3 is 7,684,011—an estimated
increase of 533,272 (7.5 percent) since 2010 (U.S. Census
Bureau, 2018). The region’s population is generally older
than the rest of California and the nation and is the second
most diverse because it has one of the largest shares of
immigrant populations nationwide (Association of Bay Area
Governments [ABAG], 2015a; PolicyLink and University of
Southern California Program for Environmental and Regional
Equity [PERE], 2017).
One’s sense of place and community is also commonly
defined in large part by one’s home and job. Housing
composes more than 75 percent of the building square footage
in California and at least 55 percent of the urbanized land use
in the nine-county region (Aksel Olsen, Association of Bay
Area Governments, written commun., 2018). In 2010, there
were nearly 2.79 million homes in the nine-county region,
of which 56 percent were owner occupied and 44 percent
were renter occupied. Although nearly 3 million homes is a
substantial figure, the region’s housing construction has not
kept pace with population and job growth, which has led to
the region’s persistent housing availability and affordability
crisis (San Francisco Bay Area Planning and Urban Research
Association [SPUR], 2017). Complicating matters, income
inequality has also sharply increased in the region—as the
region’s highest paid workers have seen their wages increase
significantly over the last decades, wages for the lowest paid
workers have declined (PolicyLink and PERE, 2017). Yet,
the San Francisco Bay region continues to have one of the
strongest regional economies in the Nation and the world with
a 2016 Gross Domestic Product of $729 billion for the San
Francisco and San Jose metropolitan areas combined (U.S.
Department of Commerce, 2018).

3
As used here, the nine-county San Francisco Bay region refers to Alameda,
Contra Costa, Marin, Napa, San Francisco, San Mateo, Santa Clara, Solano,
and Sonoma Counties.
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community recovery challenges. Policy implications for
improving community resilience are included in this overview,
as are research needs emerging from this analysis. Wein,
Belzer, and others (this volume) present a companion analysis
from the perspective of industrial sectors, jobs, and the
home-workplace relation. The potential long-term economic
consequences are considered in greater depth in chapters V1–
V5 (this volume) of the HayWired scenario.
Caution must be exercised in considering these results, as
this is only one scenario of many potential major earthquakes that
could occur on the Hayward Fault or other major fault systems
in the San Francisco Bay region. For every scenario, the damage
concentrations and distributions and most impacted communities
and populations groups will be different. Nonetheless, this
analysis considers the preexisting physical and social conditions
of communities and utilizes best-available data and analytical
methods to identify the people and places most potentially
vulnerable to long-term community recovery challenges after a
major earthquake.

SIZE AND SCOPE OF DISASTER
AND RECOVERY EFFORTS

Specifically, this analysis of communities at risk
considers (1) the cumulative damage effects of the HayWired
scenario—from ground shaking, landslide, and liquefaction
damages integrated with fire-related damages—on the ninecounty region’s people and housing, (2) how their preexisting
vulnerabilities and exposure to this scenario may create
forced and voluntary population movements over time,
and (3) what some of the long-term community recovery
challenges are likely to be from such a regionwide earthquake
disaster. This is what we mean by “communities at risk.”
Figure 1 highlights the major estimates and themes emerging
from the analysis of communities at risk and how they are
likely to unfold over time.
This overview of the communities-at-risk analysis
consolidates and elaborates on three more detailed sections
that describe analytical methods in more depth and provide
further details: section A is on integrated building damage
and areas of concentrated damage, section B is on population
movements and vulnerabilities, and section C is on long-term

PREPAREDNESS

SHORT TERM
DAYS

DISASTER

ONGOING

• Moment magnitude 7.0 earthquake occurs

on the Hayward Fault, causing extensive
surface fault rupture, ground shaking,
liquefaction, and landslides.
• Damage to the built environment
immediately impacts the 7.7 million
residents and 2.79 million households in
the San Francisco Bay region.
• Fire following earthquake (and other
environmental hazards) cause additional
damage.
• The combined effects of surface fault
rupture, ground shaking, liquefaction,
landslides, and fires damage one million
residential buildings and nearly 39,000
nonresidential buildings, totaling $74 billion
in losses. More than half of this damage is
in Alameda County.
• More than 720,000 people could be
forcibly displaced by damage to the built
environment, fires, and other immediate
hazards.
• As many as 1.45 million people reside in
areas of concentrated damage to
multifamily housing and are especially
vulnerable to population displacement.

INTERMEDIATE

WEEKS-MONTHS

• Extended transportation, utility, and

other services outages exacerbate
neighborhood conditions and the risk of
displacement and blight.
• Some populations are more at risk of
forced and voluntary displacement than
others. 350,000 people live in areas of
concentrated damage and with high
socioeconomic vulnerabilities. More
than one million school-age children,
550,000 households with at least one
disabled person, nearly 30,000 homeless
people, and 113,000 young and
moderate- to high-income renters reside
within the nine-county region.
• Limited supplies of emergency shelter
and interim housing solutions may force
displaced populations to relocate outside
their communities and even beyond the
nine-county region.
• Aftershocks cause additional damage to
buildings, infrastructure, and community
functions, as well as additional waves of
displacement.

LONG TERM

MONTHS-YEARS
• The return of displaced populations is complicated by

additional aftershock damage, lack of social and
economic ties, delays in recovery efforts, concerns about
future earthquake risks, and improved socioeconomic
services and networks elsewhere.
• Areas of major population displacement may lack the
critical masses of residents necessary to support
community functions, such as schools, stores,
municipal services, and neighbor interactions.
• With only 10 to 20 percent of property losses covered by
insurance, assembling the financial resources for
recovery will take considerable time and effort.
• Housing recovery will be hampered by the lack of
insurance and other financial resources, potential
workforce and resource constraints, months of repair of
water networks, and months to years of repair to
transportation systems.
• More than 170,000 housing units in an extensive or
complete damage state may receive yellow or red tags in
postdisaster building safety assessments, limiting their
occupancy until repairs or rebuilding are completed,
which could take months to years.
• Ripple effects may include mortgage defaults;
occupant displacement; physical, social, and mental
health issues for residents; property blight; declining
property values; and a loss of property tax revenue for
local and State governments.
• Substantial governmental interventions and replanning
may be required in areas of land damage from ground
failure, concentrated building and infrastructure damage,
and major population displacement.

Figure 1. Schematic diagram showing major themes and estimates emerging from the analysis of communities at risk in the HayWired
scenario in the San Francisco Bay region, California, with respect to the “disaster recovery continuum” timeline developed by the
Federal Emergency Management Agency (2016).
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Integrated Building Damage, Property
Losses, and Areas of Concentrated
Damages
Section A of the communities-at-risk analysis highlights
the results of methodologies developed to first combine the
building damage caused by the effects of the mainshock
earthquake hazards and fires and then to identify geographic
areas where concentrated building damage are likely. Property
losses estimated for the integrated damage are explained in
section C. This integrated view of property damage, losses, and
concentrations is a foundational step in understanding which
people and places are most vulnerable to long-term community
recovery challenges in the HayWired scenario.

Integration of Building Damage Caused by Ground
Shaking, Liquefaction, Landslide, and Fire
In volume 2 of the HayWired scenario, building damage
caused by the earthquake hazards of ground shaking, landslide,
and liquefaction for the Mw 7.0 mainshock and aftershock
sequence are analyzed by Seligson and others (2018) using the
Hazus-MH 2.1 loss-estimation software (Federal Emergency
Management Agency [FEMA], 2012) and customized analyses;
we refer to this collective work as the Hazus analysis. In a separate
analysis in volume 2, Scawthorn (2018) estimates the damage to
buildings from post-earthquake fires.
A methodology was developed to combine the damage data
resulting from the Hazus analysis (Seligson and Jones, 2019) and
the fire-following-earthquake analysis (Scawthorn, 2019) into
an integrated view of building damage (methods in section  A;
data in Jones and others, 2020). The results are aggregated by
occupancies: residential occupancy groupings are single-family/

duplex dwellings, multifamily dwellings, and group-living uses;
nonresidential occupancy groupings are household-serving,
retail and commercial, offices, industrial and warehouse, and
agricultural uses. These groupings are defined in section A.
The property (building and content) losses caused by
ground shaking, landslide, liquefaction, and fires from the Mw  7.0
mainshock of the HayWired scenario (discussed in section  C;
data in Jones and others, 2020) are estimated by adding together
the Hazus property loss estimates with additional losses
generated by fire (using the difference between integrated and
Hazus building damages). The property losses total $74 billion
in 2016 U.S. dollars (excluding additional living expenses and
business interruption losses). One million residential buildings
(34 percent of all residential building square footage) containing
1.37 million housing units sustain $48 billion of the losses.
There is an additional $26 billion in losses from nearly 39,000
nonresidential buildings (42 percent of all nonresidential
building square footage).
Table 1 provides a summary of the integrated building
damage, both in terms of building counts and percentage of
total building square footage, and total property losses for
all five Hazus damage states for each of the residential and
nonresidential building occupancy groupings. The results in
table  1 are summed for the nine-county region; see table  2 for
results by county. Figure 2 shows the distribution of building
counts by damage state for residential (fig. 2A) and nonresidential
(fig. 2B) occupancy classes for the nine-county region.
Of the total buildings exposed to the HayWired scenario,
approximately 11 percent of the residential and 15 percent of
the nonresidential building square footage sustain extensive and
complete damage that may impair its use for many months to
years until repairs or rebuilding are completed. The extensively
and completely damaged building stock is composed of 90,000
single-family/duplex dwellings, 7,300 multifamily and groupliving buildings (containing about 78,500 multifamily housing

Table 1. Damages to residential and nonresidential occupancy groupings and total property losses caused by ground shaking, landslide,
liquefaction, and fires from the moment magnitude 7.0 mainshock of the HayWired scenario in the San Francisco Bay region, California.
[Total property (building and content) losses are in thousands of 2016 U.S. dollars]

Occupancy grouping

Total building
square footage

Single-family/duplex
Multifamily
Group living
Subtotal, residential

4,634,481,745
769,783,442
120,618,262
5,524,883,449

Retail/commercial
Offices
Industrial/warehouse
Household-serving
Agricultural uses
Subtotal, nonresidential

739,636,465
472,023,992
608,072,797
248,803,733
34,949,651
2,103,486,638

Estimated building counts and percentage of building square footage by Hazus damage state
None
Slight
Moderate
Extensive
Complete
Number Percent Number Percent Number Percent Number Percent Number Percent
Residential occupancy groupings
1,946,425
68
608,387
21
230,929
8
50,225
2
39,587
1
55,845
58
20,529
22
10,448
12
2,931
3
4,406
5
3,327
69
820
17
429
9
124
3
125
3
2,005,597
66
629,736
21
241,806
9
53,279
2
44,118
2
Nonresidential occupancy groupings
31,049
62
10,891
21
6,157
12
1,863
3
1,164
2
3,332
56
1,436
24
806
14
211
4
115
2
10,263
53
4,513
23
2,975
15
939
5
626
3
11,217
63
3,708
20
2,040
11
569
3
408
3
916
79
159
14
65
6
16
1
9
1
56,777
58
20,707
22
12,044
13
3,598
4
2,321
3

Property
loss1
($1,000)
$33,217,899
$13,269,370
$1,507,371
$47,994,640
$7,972,832
$5,844,926
$7,746,568
$4,369,166
$107,583
$26,041,075

1
Property losses are calculated using Hazus building and content replacement costs (see section C of this chapter). It does not include damage to time element coverages
(for example, additional living expenses and business interruptions).
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A

B

44,118

53,279

2,321

3,598

241,806
12,044

629,736

2,005,597

56,777

20,707

EXPLANATION

EXPLANATION

Total residential building
count—By damage state

Total nonresidential building
count—By damage state

None

Extensive

None

Extensive

Slight

Complete

Slight

Complete

Moderate

Moderate

Figure 2. Plots showing the distribution of building counts by damage state for the HayWired earthquake scenario mainshock for the
nine-county San Francisco Bay region, California. A, Residential occupancy groupings. B, Nonresidential occupancy groupings.

units), and nearly 6,000 nonresidential buildings. Of the 44,000
residential buildings in a complete damage state, 29,600
contain about 53,600 housing units that are in a complete
damage state owing to fire. Multifamily dwellings and groupliving uses sustain proportionally higher damage levels than
single-family/duplex dwellings.

Table 2 provides county-level details on the integrated
property damages and losses for residential and nonresidential
occupancies. Figure 3 shows the distribution by county of $74
billion in residential and nonresidential property losses. Nearly
all the property damage, property losses, and buildings with
extensive and complete damage are concentrated in the nine

Table 2. County-level damage to residential and nonresidential occupancy groupings and total property losses caused by ground shaking, landslide,
liquefaction, and fire following the moment magnitude 7.0 mainshock of the HayWired scenario in the San Francisco Bay region, California.
[Property losses (building and content) are in 2016 U.S. dollars]

County
Alameda
Contra Costa
Marin
Napa
San Francisco
San Mateo
Santa Clara
Solano
Sonoma
Eight outlying counties2
Regional total3

Total
building
count1
327,744
180,036
19,340
2,677
59,405
86,675
229,126
18,082
3,167
42,688
968,940

Residential building damage
Number of extensively
Total property
or completely damaged
loss ($1,000)
buildings
62,140
$26,616,206
15,913
$7,908,158
1,553
$904,378
15
$26,233
1,295
$1,673,638
4,369
$2,667,790
10,282
$6,796,923
1,645
$979,139
65
$42,516
122
$379,657
97,397
$47,994,640

Total
building
count1
13,145
4,998
886
136
5,285
3,235
8,971
462
145
1,408
38,671

Nonresidential building damage
Number of extensively
Total property
or completely damaged
loss ($1,000)
buildings
4,022
$14,857,771
894
$3,600,011
56
$391,471
1
$26,685
188
$1,491,069
185
$1,259,630
531
$3,911,303
34
$231,338
1
$27,122
8
$244,676
5,920
$26,041,075

Total damaged building counts include all structures with slight, moderate, extensive, or complete damage according to Hazus.

1

The eight outlying counties included in this group are Merced, Monterey, Sacramento, San Benito, San Joaquin, Santa Cruz, Stanislaus, and Yolo Counties.

2

Because of rounding, regional totals may not add up to the sum of the values shown in the table.

3
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Figure 3. Graph showing county-level
distribution of property losses for residential
and nonresidential occupancy groupings
as a result of the HayWired earthquake
scenario mainshock in the San Francisco
Bay region, California. Property losses are
calculated using Hazus building and content
replacement costs and do not include
losses from time element coverages (for
example, additional living expenses and
building interruption costs). The eight outlying
counties included in this group are Merced,
Monterey, Sacramento, San Benito, San
Joaquin, Santa Cruz, Stanislaus, and Yolo.

Property losses, in millions of U.S. dollars

counties adjacent to San Francisco Bay. These are Alameda,
Contra Costa, Marin, Napa, San Francisco, San Mateo, Santa
Clara, Solano, and Sonoma Counties. More than half of the
total property damage and losses for both residential and
nonresidential occupancies occur in Alameda County. Santa
Clara and Contra Costa Counties also sustain high levels of
damage and losses.

Areas of Concentrated Damage
Past disasters have shown that areas of geographically
concentrated building damage are likely to experience more
extended and complicated recovery trajectories with cascading
effects on more residents than those directly impacted (Olshansky
and others, 2006; Alesch and others, 2009; Peacock and others,
2014). A methodology was developed to identify the areas of
concentrated building damage in census tracts with 20 percent or
more of the building square footage in an extensive or complete
damage state. Limited quantitative research (Groen and Polivka,
2010), supplemented with recovery expert opinion (Mary
Comerio, University of California at Berkeley, written commun.,
2015; Ann-Margaret Esnard, Georgia State University, written
commun., 2015), indicated that 20 percent was an appropriate
tipping point at which spatial concentrations of housing and
building damage can lead to systemic and cascading consequences
to more residents than those directly impacted. This is what
happened in neighborhoods across Los Angeles after the 1994
Northridge earthquake (see sidebar 2 of section  C). Neighborhoods
with concentrations of damaged multifamily housing became
blighted as more and more residents left.
The census tracts with concentrated building damage
were identified for the eight different occupancy groupings
(single-family/duplex dwellings, multifamily dwellings; group
living; household-serving; retail and commercial; offices;
industrial and warehouse; and agricultural uses) and all
occupancies. Maps of concentrated damage for each building
occupancy grouping are shown in section A. Figure 4 shows

a summary of the census tracts with concentrated damage
for all building occupancies (for integrated earthquake- and
fire-related damages). Consistently across all the occupancy
groupings, there are spatial concentrations of building
damage in the urbanized parts of Alameda County, as well
as western Contra Costa County, the San Ramon Valley and
inland valleys, and flat lands surrounding San Francisco Bay,
notably the Novato area of Marin County and the Vallejo
area of Solano County. The areas of concentrated damage in
Marin and Solano Counties are mostly caused by fire rather
than earthquake-related hazards. Some areas, such as central
Hayward, sustain very high concentrations of damage across
multiple occupancy groupings in the HayWired scenario.
The area of concentrated damage for all building occupancies
contains approximately 203,000 residential buildings, of which
46,000 sustain extensive or complete damage. This means that
nearly 50 percent of the region’s residential buildings with
extensive or complete damage in the HayWired scenario are
located in areas of concentrated building damage, yet this area
contains less than 8 percent of the census tracts in the nine-county
region. Thus, these areas are likely to have substantially longer
recovery trajectories and more significant long-term community
recovery challenges than other parts of the region. In any area of
concentrated damage there will be smaller variations both higher
and lower than the average census tract estimates. There are
also areas outside these boundaries that sustain notable damage
concentrations below the 20 percent threshold of extensive and
complete damage concentration used for this analysis that are also
likely to face population displacement and long-term community
recovery challenges.
Figure 4 also shows the boundaries of seven economic
subareas that are defined by Wein, Belzer, and others (this
volume) and encompass nearly all of the areas of concentrated
damage. For each economic subarea, the percentage of residential,
nonresidential, and total building square footage in an extensive
or complete damage state from integrated damages caused by
shaking, landslide, liquefaction, and fire following the Mw 7.0
HayWired earthquake scenario mainshock are also provided. The
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Figure 4. Map of the San Francisco Bay region, California, showing areas of concentrated damage in economic subareas as a result of
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concentrated damage areas in the Novato and Vallejo economic
subareas have more than 30 percent of residential occupancies in
an extensive or complete damage state. The northern and central
Alameda County, Dublin-Pleasanton, and western Contra Costa
County economic subareas have concentrated damage areas with
more than 30 percent of nonresidential occupancies in an extensive
or complete damage state. Table 3 provides additional geographic
and housing vulnerability descriptions for each economic subarea.
Windshield survey field investigations were conducted in each
economic subarea to develop these descriptions.

Population Movements and
Vulnerabilities
In large-scale disasters, individuals and communities can face
an ongoing exposure to hazards and adverse consequences that
can unfold over an extended period of time and cascade through
communities (Abramson and others, 2015, p. 3). If the uncertainty
and risks associated with these exposures are high, individuals and
disaster managers may engage in voluntary or forced movements
of individuals and communities away from an endangered area.
The term “evacuation” is most commonly used to describe
the movement of people in advance of a threat or hazard incident
and in response to the primary or secondary effects soon after
an incident occurs. The term “displacement” is increasingly
used to describe the more long-term and potentially permanent
dislocation, relocation, migration, and resettlement of people—
forced or voluntary—in response to physical, economic, or
environmental danger or harm (Oliver-Smith, 2009). Predisaster
social vulnerability and inequality can increase the likelihood of
forced evacuations and permanent displacement for some people;
disaster-related damage and disruptions in social and economic
services and networks, postdisaster policies, and postdisaster
governance processes can also exacerbate these outcomes
(Esnard and Sapat, 2014; Fothergill and Peek, 2015; Johnson and
Olshansky, 2017; Kroll-Smith, 2018).
Hurricane Katrina, in particular, exposed the issues of largescale and lengthy postdisaster population displacement in the
United States and the disproportionate effects on physically and
socioeconomically vulnerable populations and communities (see
sidebar 1 of section B). In the San Francisco Bay region, major
population displacement and shifts were documented after the 1906
earthquake and fire (Kroll-Smith, 2018; The Virtual Museum of the
City of San Francisco, 2018) (see fig. 5) and the 1989 Mw 6.9 Loma
Prieta earthquake (Comerio, 1998; Johnson, 1999; SPUR, 2012).
For example, displacement from San Francisco after the 1906
earthquake and fire is credited with shaping communities in the east
bay, like Oakland and Berkeley, and on the San Francisco Peninsula.
This part of the analysis of communities at risk, which is
further detailed in section B, analyzes the potential population at
risk of displacement from building damage and extended lifeline
outages; specific population groups vulnerable to displacement;
how emergency sheltering and interim housing influences
population movements; and considerations for anticipating
population return.

Figure 5. Photograph of residents evacuating San Francisco,
California, after the 1906 earthquake and fire. Photograph by
George Williford Boyce Haley, 1925; available from the U.S.
National Archives and Records Administration at https://catalog.
archives.gov/id/522958.

Population at Risk of Displacement from
Building Damage and Lifeline Outages
In volume 2 of the HayWired scenario, Seligson and others
(2018) used Hazus software to estimate the number of households
displaced because of building damage and the number of people
requiring publicly provided short-term shelter for both the Mw 7.0
mainshock and the aftershock sequence of the HayWired scenario.
Seligson and others (2018) used both the Hazus default values
and a set of customized weighting factors that were developed
for the magnitude 7.8 South San Andreas earthquake “ShakeOut”
scenario study (Jones and others, 2008), and are derived from
population survey data from the 1994 Northridge and 1989 Loma
Prieta earthquakes.
Using the customized population displacement rates for
moderate, extensive, or complete residential building damage,
Seligson and others (2018) estimate 152,881 households (of
which 152,438 households are in the nine-county region)
displaced because of damage caused by ground shaking and
liquefaction; their displacement estimates for aftershocks are
substantially lower, with the largest displacement of 2,053
households resulting from the aftershocks occurring on
September 30 and October 1, 2018 (about six months after
the mainshock). The potential population displacement and
sheltering needs caused by damage from landslides, fires,
lifeline infrastructure damage and outages, or environmental
threats are not included in these estimates and could increase the
population displacement and sheltering needs substantially.
Studies of the 1994 Northridge and 1989 Loma Prieta
earthquakes in California found that between 20 and 50 percent
of residents without power and (or) water services were displaced
from their homes (Seligson and others, 2018). In their appendix,
Seligson and others (2018) propose increasing the Hazus estimates
for population displacement and sheltering needs by 20 percent
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Many “soft-story” structures in the area lack adequate
seismic bracing on the bottom floors.
Many “soft-story” structures in the area lack adequate
seismic bracing on the bottom floors.
Many “soft-story” structures in the area lack adequate
seismic bracing on the bottom floors. In addition, a
few older masonry and concrete structures are located
in and around the downtown business districts.

Surface
Notes
fault
rupture5
X
Older masonry and concrete residential structures
are located in and around the university and
downtown business district. Many “soft-story”
structures in the area lack adequate seismic
bracing on the bottom floors.
X
Older masonry and concrete residential structures are
located in and around several business districts.
Many “soft-story” structures in the area lack adequate
seismic bracing on the bottom floors.

5

Surface fault rupture may present as either coseismic slip (which occurs during an earthquake) or afterslip (which occurs in the days, weeks, months, and perhaps years after an earthquake). Surface fault rupture
is not explicitly included in the Hazus damage estimates developed by Seligson and others (2018).

4

Post-earthquake fires pose high risk in areas of densely spaced wood-frame structures. Areas with high fire risk may include newly constructed buildings.

3

Landslides occur most commonly in areas with moderate or steep slopes.

2

Housing characteristics common across all economic subareas include predominantly wood-frame structures serving as single-family or multifamily housing.

1

Areas of concentrated damage have 20 percent or more of the building square footage in an extensive or complete damage state.

1–3

1950s to
present

X

1–2

1–3

X

1–5

1950s to
present

X

1–2

1960s to
present
1960s to
present
1940s to
present

X

1–4

Late 1800s to
present

X

Central Alameda County

Parts of the city of
Oakland south to
Union City, as well as
San Leandro, Castro
Valley, and Hayward
Southern Alameda County Parts of the cities of
Newark and Fremont
Dublin–Pleasanton
Parts of the cities of
Dublin and Pleasanton
Western Contra Costa
Parts of the cities of
County
Pinole and El Sobrante
south to Richmond
and El Cerrito, as well
as the Kensington
and North Richmond
neighborhoods
Novato
Parts of the city of
Novato, as well
as the Bel Marin
Keys and Hamilton
neighborhoods
Vallejo
Parts of the city of Vallejo,
particularly in and
around the downtown
business district

Hazard impacts
Shaking Liquefaction Landslide3 Fire4

1–3

Height
(stories)

Early 1900s to
present

Age

Northern Alameda County Parts of the cities of
Albany and Berkeley
south to Oakland and
Alameda

Economic subarea

Key locations in areas of
concentrated damage1

Housing characteristics2

[Windshield survey field investigations were conducted in each economic subarea to develop these descriptions]

Table 3. Geographic and housing vulnerability descriptions for each economic subarea identified for the HayWired earthquake scenario, San Francisco Bay region, California.
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to account for utility outages. The multi-month water outages
estimated for much of Alameda and Contra Costa Counties in
volume 2 of the HayWired scenario (Porter, 2018a) suggest that
an additional 20 percent increase in displacement estimation is a
reasonable adjustment for this displacement analysis.
Table 4 compares the customized Hazus analysis estimates
for displaced households developed by Seligson and others (2018)
with four other estimates of households and population at risk of
displacement that have been developed by estimating populations
in the areas of concentrated damage. The first row is the
customized Hazus estimate of displaced households from ground
shaking and liquefaction associated with the HayWired scenario
mainshock. The second row adds a 20 percent increase onto the
customized Hazus analysis estimate to account for utility outages.
The third row applies the customized displacement parameters,
used by Seligson and others (2018), to the integrated (shaking,
liquefaction, landslide, and fire) damage data for residential
occupancies (specifically single-family/duplex and multifamily
dwellings) along with a 20 percent increase to account for utility
outages. The fourth to sixth rows look at the household and
population counts in the areas of concentrated damage for three
occupancy groupings.
These analyses of the combined effects of potential
residential building damage and lifeline utility outages results
in a range of 60,994 to 520,210 households and 170,206 to
1,451,838 people at risk of displacement from the Mw 7.0
mainshock, or 2 to 20 percent of the nine-county region totals.
Across these perspectives, the percentage of people at risk
of displacement in Alameda County ranges from 10 percent
(in areas of concentrated damage to single-family/duplex
occupancies) to 54 percent (in areas of concentrated damage
to multifamily occupancies), with 16 percent displaced in the
customized Hazus estimate and 27 percent of the population in

the areas of concentrated damage (all occupancies) (see table B4
of section B). For comparison, a study of the spatial economic
demand shifts in Louisiana, Mississippi, and Alabama found
that one year after Hurricane Katrina the counties and parishes
that encompass the core disaster area lost an average of 23.1
percent of their population (Xiao and Nilawar, 2013).

Specific Population Groups Vulnerable to
Displacement
In their 2015 study “Stronger Housing, Safer Communities,”
the Association of Bay Area Governments (ABAG), San Francisco
Bay Conservation and Development Commission (BCDC),
and partners used the “communities of concern” methodology
developed by the San Francisco Bay region Metropolitan
Transportation Commission (MTC) to identify census block
groups in the San Francisco Bay region that have higher than
average concentrations of 10 socioeconomic characteristics known
to affect the abilities of individuals and households to prepare
for, respond to, and recover from a disaster (ABAG and BCDC,
2015; Brechwald and others, 2015; BCDC, 2016). This analysis
was updated by BCDC for their “Adapting to Rising Tides”
project in 2016 (BCDC, 2016). Table 5 lists the ABAG/BCDC
community vulnerability indicators (CVI), the way in which they
are measured, and the threshold percentage per census block group
that must be met for a block group to receive a CVI score.
The ABAG/BCDC CVIs were used to evaluate the
social and economic vulnerabilities of residents in the areas
of concentrated damages for all building occupancies. The
prevalence of vulnerability indicators for residents in areas of
concentrated building damage varies by CVI score (see section B).
Transportation cost burden dominates in the less-vulnerable block

Table 4. Estimates of potential populations at risk of displacement after the moment magnitude 7.0 mainshock of the HayWired
scenario, San Francisco Bay region, California.
Displacement analysis method

Displaced households1

Displaced people2

Regionwide analysis of residential building damages
Customized Hazus analysis
152,438
412,954
Customized Hazus analysis plus 20-percent
182,926
495,545
increase for lifeline outages
Integrated building damage data analysis plus
210,995–266,028
574,240–723,206
20-percent increase for lifeline outages3
Areas of concentrated damage4
All occupancy classes
172,484–267,631
487,698–765,402
Single-family/duplex occupancy class
60,994–128,543
170,206–363,215
Multifamily occupancy class
361,948–520,210
1,024,266–1,451,838

Percentage of the ninecounty regional total
6
7
8–10

7–10
2–5
14–20

Uses 2000 U.S. Census data.

1

County-level average household size from the 2010 U.S. Census was used to calculate displaced population estimates for the mainshock.

2

A range of estimates is provided to account for the variations in housing units possible in each of the multifamily residential occupancy classes.

3

The lower bound for ranges in this section are total households or people in areas of concentrated damage caused by earthquake hazards (ground shaking,
landslides, and liquefaction) and the upper bound for ranges are total households or people in areas of concentrated damage caused by earthquake hazards and fire.
It is not likely that all households or people in areas of concentrated damage would be displaced, but neighborhood-serving infrastructure and services and heavy
levels of surrounding building damage could lead to higher rates of displacement than less damaged areas.
4
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Table 5. Association of Bay Area Governments (ABAG) and San Francisco Bay Conservation and Development Commission (BCDC)
community vulnerability indicators and measures.
[Data from ABAG and BCDC (2015) and Brechwald and others (2015); updated by BCDC (2016). Thresholds for defining the presence of indicators were
determined by calculating the regional mean for each indicator and adding one-half the standard deviation to the regional mean]

Indicators
Housing cost burden
Transportation cost burden
Home ownership
Household income
Education
Racial/cultural composition
Transit dependence
Non-English speakers
Age—Young children
Age—Elderly
Total possible community vulnerability
indicator (CVI) score

Measure
Percentage of household monthly spending on housing is
>50 percent of gross monthly income
Percentage of gross monthly income used for
transportation costs
Percentage of housing not owner occupied
Percentage of households with income <50 percent of the
region’s median income
Percentage of persons ≥25 years of age without a high
school diploma
Percentage of non-white races or ethnicities
Percentage of households without a vehicle

Percentage per census
block group
≥35 (renters) and (or)
≥19 (owners)
≥18

Score
1
1

≥55
≥33

1
1

≥19

1

≥68
≥15

1
1

Percentage of households where no one ≥15 years of age
speaks English well
Percentage of young children <5 years of age

≥14

1

≥8

1

Percentage of elderly people ≥75 years of age

≥9

1
10

groups (for example, with CVI scores of 3 or less). The racial and
cultural composition indicator dominates the middle range of CVI
scores of 4 to 7. The elderly indicator contributes the least overall
to the CVI scores, especially higher CVI scores. In areas with CVI
scores of 5 or more, there is a greater prevalence of housing- and
income-related indicators (for example, lack of home ownership,
high housing cost burden, lower household incomes) and literacy
indicators (for example, lower levels of education and more nonEnglish speakers).
In areas of concentrated damage, around 350,000 people
reside in block groups with CVI scores of 5 or greater. Of those,
a large portion—nearly 285,000 people—reside in Alameda
County (or 18 percent of the county population), approximately
55,000 people reside in Contra Costa County (or 5 percent of the
county population), and more than 9,000 people reside in Solano
County (or 2 percent of the county population). In the parts of
the economic subareas with areas of concentrated damage, the
greatest concentrations of people residing in block groups with
CVI scores of 5 or greater are in central Alameda County (40
percent of the subarea population), western Contra Costa County
(26 percent of the subarea population), and Vallejo (8 percent of
the subarea population). Figure 6 shows the census block groups
with populations that have CVI scores of 5 or more in the areas of
concentrated damage.
Past disasters have also shown that families with schoolage (kindergarten through 12th grade) children, persons with
disabilities, and homeless populations are also vulnerable to or
less tolerant of postdisaster displacement (Bolin, 2007; Fussell
and others, 2010; Esnard and others, 2011; Plyer and Ortiz, 2011;

Weber and Peek, 2012; Fothergill and Peek, 2015; Kroll-Smith,
2018); however, these groups were not well represented by
the ABAG/BCDC CVIs. Additional analyses were performed
on these population groups, using the more current 2012–16
American Community Survey 5-year estimates (U.S. Census
Bureau, 2018) and the most recent homeless point-in-time survey
data for the nine-county region (County of San Mateo Human
Services, 2017; Applied Survey Research, 2018; Contra Costa
Health Services, 2018; County of Napa, 2018). Table 6 provides a
summary of these analyses.
Young and moderate- to high-income renters may represent a
cohort of the population with the means, mobility, a lack of social
ties, or tolerance for staying in the region after a major earthquake
like that in the HayWired scenario. This population group is
also not identified by the ABAG/BCDC CVIs. A major regional
disruption to housing, jobs, and transit, could be the tipping point
for many people to voluntarily relocate to another city or region,
and this population group may be especially likely to do so if they
can continue working for the same company, if their employer
sustains significant damage or disruption, or if their employer
chooses to relocate for some other reason. After the 1994
Northridge earthquake, a few of the more affluent neighborhoods
of Sherman Oaks, California, that suffered heavy damage to
multifamily rental units and condominiums experienced voluntary
outmigration by residents, even from undamaged properties
(Olshansky and others, 2005) (see sidebar 2 of section C).
The 2012–16 American Community Survey 5-year estimates
offer data on a number of household attributes that could help
target potential mobile households that are young, affluent, and
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Figure 6. Map of the San Francisco Bay region, California, showing census block groups with
populations that have Association of Bay Area Governments (ABAG) and San Francisco Bay
Conservation and Development Commission (BCDC) community vulnerability indicator (CVI) scores
of 5 or more in the areas of concentrated damage resulting from the HayWired earthquake scenario
mainshock. Data from ABAG and BCDC (2016).
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Table 6. Summary of additional population groups considered in this analysis that could be vulnerable to postdisaster displacement
resulting from the HayWired earthquake scenario mainshock in the San Francisco Bay region, California.
[ABAG, Association of Bay Area Governments; BCDC, San Francisco Bay Conservation and Development Commission; CVI, community vulnerability indicator;
n/a, not applicable]

Population group
School-age
children
(kindergarten
through 12th
grade)1

Total
population in
nine-county
region
1,168,694

Households
with at least
one disabled
resident1

550,901

Sheltered and
unsheltered
homeless
populations3

28,213

Total population in
areas of concentrated
Key economic subareas and concentrations
damage for all
occupancies
130,455
85,067 school-age children in areas of concentrated damage in central Alameda
County
64,300 school-age children in areas of concentrated damage with higher
concentrations of school age children than other areas2
Overlapping areas of concentrations of school-age children and areas with ABAG/
BCDC CVI scores of 5 or greater are in the central Alameda County, western
Contra Costa County, and Vallejo economic subareas
63,408
39,031 households have at least one disabled resident in areas of concentrated
damage in central Alameda County
31,993 households have at least one disabled resident in areas of concentrated damage
with higher concentrations of disabled resident households than other areas2
Overlapping areas of concentrations of disabled resident households and areas with
ABAG/BCDC CVI scores of 5 or greater are in the western Contra Costa County
and central and northern Alameda County economic subareas
n/a
Counties that have the highest homeless populations are: San Francisco (population
of 7,499 or 27 percent of the nine-county regional total), Santa Clara (population
of 7,394 or 26 percent of the nine-county regional total), and Alameda County
(population of 5,629 or 20 percent of the nine-county regional total)
Homeless populations in cities that have one or more census tracts located in areas
of concentrated damage are: Oakland (population of 2,761 or 49 percent of the
Alameda County total), Berkeley (population of 972 or 17 percent of the Alameda
County total), Richmond (population of 270 or 18 percent of the Contra Costa
County total), Novato (population of 350 or 31 percent of the Marin County total),
and Vallejo (population of 402 or 37 percent of the Solano County total)

Sourced from the American Community Survey 2012–16 5-year estimate and U.S. Census Bureau (2018).

1

Areas with higher concentrations of the population of interest have concentrations above the regional mean plus one-half standard deviation (calculated at the
block-group level) for the total population in the nine-county region.
2

3
Sourced from the homeless survey counts by Applied Survey Research (2018) and reports by the County of San Mateo Human Services (2017), Contra Costa
Health Services (2018), and County of Napa (2018).

lack family ties and obligations to the region. They are: renter
householders between the ages of 25 and 34, householders
under age 45 that earn incomes greater than the county median,
households with rental costs that are higher than the county
median, and nonfamily households without children.
Across the nine-county region, there are 321,507 renter
householders between the ages of 25 and 34, approximately twothirds of which reside in block groups where the concentration of
young renter householders is greater than the regional mean plus
one-half standard deviation. Of these, approximately 168,663
(or 79 percent) young renter householders reside in block groups
that also have at least one other mobile-household attribute
with concentrations higher than the defined threshold values,
indicating that there are neighborhoods with high concentrations
of potentially young and mobile populations.
In the areas of concentrated damage (caused by integrated
earthquake- and fire-related damage for all occupancies), there
are 24,243 renter householders between the ages of 25 and
34 in block groups where the concentration of young renter

householders is greater than the regional mean plus one-half
standard deviation. Of these, 14,110 young renter householders
(or 58 percent) reside in block groups that also have at least one
other mobile-household attribute with concentrations higher
than the defined threshold values.
Figure 7 shows the 2010 census block groups that have
high concentrations of renter householders between the ages of
25 and 34 in the areas of concentrated damage as well as those
block groups with concentrations of young renter householders
that also have at least one other mobile-household attribute in
concentrations higher than the defined threshold values. The
block groups in the areas of concentrated damage that have
an ABAG/BCDC CVI score of 5 or more are also shown.
There are a few overlapping areas of high concentrations of
potentially young and mobile populations and populations with
an ABAG/BCDC CVI score of 5 or more in the Vallejo and
northern and central Alameda County subareas. This provides
some indication of areas where young and mobile populations
might choose to voluntarily relocate from in the HayWired
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scenario, because of the high levels of damage and disruption
in these neighborhoods and potential displacement of more
socioeconomically disadvantaged neighbors.

Emergency Sheltering and Interim Housing
Influences on Population Movements
It is now established practice for Federal, State, and local
emergency management plans and policies to address emergency
shelter and mass care needs, including for large-scale, urban
disasters like that in the HayWired scenario (FEMA, 2008;
California Emergency Management Agency, 2009; Bay Area
Urban Area Security Initiative [Bay Area UASI], 2011; California
Governor’s Office of Emergency Services [Cal OES], U.S.
Department of Homeland Security [DHS], and FEMA, 2016).
However, the long-term, forced or voluntary, displacements of
people and the interim and permanent housing needs resulting
from building damage, fire, lifeline infrastructure damage and
outages, and environmental health threats after a major earthquake
are not as well addressed. Planning and policy development for
interim and permanent housing is much newer—stimulated to a
great extent by Congress’s mandate, after Hurricane Katrina, to
Federal agencies to develop a national disaster housing strategy
(FEMA, 2009).
The “Bay Area Earthquake Plan” estimates that
approximately 330,000 individuals would immediately seek
sheltering support after a major earthquake on the San Andreas
or Hayward Faults (Cal OES, DHS, and FEMA, 2016), and
the Bay Area UASI “Regional Catastrophic Earthquake
Interim Housing Plan” estimates 400,000 displaced
households, of which 160,000 households will still need
shelter one year, after a Mw 7.9 earthquake on the San Andreas
Fault (Bay Area UASI, 2011). Neither of these plans consider
the possibility of widespread fires and extensive lifeline utility
disruptions. Thus, the customized Hazus analysis estimates
by Seligson and others (2018) of nearly 153,000 displaced
households (or 6 percent of the nine-county households) and
48,050 people seeking public shelters (less than 1 percent of
the nine-county population) might be considered lower bounds
on the region’s likely needs in the HayWired scenario. Other
estimates provided by the analyses in table 4 may be more
appropriate and the larger estimates challenge current planning
assumptions for displaced households.
The “Bay Area Earthquake Plan” estimates that there
are roughly 2,000 shelters in the 16-county region4 that, as of
January 2014, could accommodate about 800,000 people in
evacuation shelters (typically for 24 hours or less) and 280,000
individuals who require temporary shelter (for multiple days)
(Cal OES, DHS, and FEMA, 2016). Although the evacuation
shelter capacity could cover most of the potential population
displacement estimates provided in this analysis, damage
to potential shelter sites and personnel shortages, including
a shortage of building inspectors to assess safe entry to
4
This includes the nine-county region abutting San Francisco Bay plus
adjoining counties of Mendocino to the north; San Joaquin, Yolo, and
Sacramento to the east; and Santa Cruz, San Benito, and Monterey to the south.

these sites, may substantially reduce the available sheltering
capacity. Supposing that the most vulnerable populations
would need temporary shelter, then the approximately 350,000
people with ABAG/BCDC CVI scores of 5 or greater in the
areas of concentrated damage approaches the total temporary
shelter capacity, which again may be substantially reduced
by the same factors affecting the evacuation shelters. Both
types of shelters also need to be accessible to persons with
disabilities and other access and functional needs.
In the HayWired scenario, available shelters in the central
nine-county region may quickly reach capacity, especially in
heavily impacted areas, such as Alameda and Contra Costa
Counties. In this case, the “Bay Area Earthquake Plan” identifies
potential host areas in surrounding counties, such as Mendocino,
Sacramento, Yolo, San Joaquin, San Benito, Monterey, and Santa
Cruz Counties, that are less likely to sustain heavy damage. If
the immediate sheltering needs exceed the 16-county regional
sheltering capacity, some people may need to relocate to other
parts of California or adjoining States. The “Bay Area Earthquake
Plan” estimates that there is additional shelter capacity for millions
elsewhere in California and the adjoining States of Oregon,
Nevada, and Arizona. As revealed after Hurricane Katrina, people
who are displaced farther away from their home communities
are more likely to have difficulty returning, especially
socioeconomically vulnerable populations (Weber and Peek, 2012;
Esnard and Sapat, 2014) (see sidebar 1 of section B).
In the days and weeks after the Mw 7.0 mainshock of the
HayWired scenario, many displaced residents may be able to
return to their neighborhoods and homes as access controls are
lifted, lifeline utility services are restored, and structures are
deemed safe to reoccupy. The occupants of damaged housing
units will most likely need alternative, or interim, housing while
repairs and rebuilding take place, or until other permanent
housing is available. There are an estimated 140,000 to 170,000
housing units in an extensive or complete damage state caused
by earthquake hazards and fire in the HayWired scenario (see
table B3 of section  B). These damage conditions mean that they
are likely to receive a “red” unsafe or “yellow” restricted entry
evaluation from a postdisaster building safety assessment. Units
in a complete damage state because of fire are likely to be total
losses. Past earthquakes have shown that housing in an extensive
or complete damage state are likely to have repair times in excess
of three months and as long as three years (FEMA, 2012). Interim
housing needs could also increase significantly where the recovery
times for critical sewer, water, energy, transportation, education,
and health services are extensive.
Federal, State, and local disaster plans prioritize the use of
existing housing resources, such as vacant rental properties, hotels,
and motels, to the extent that they are available ahead of temporary
housing installations, such as manufactured homes or other forms
of interim housing that have to be constructed (FEMA, 2009; Bay
Area UASI, 2011; Cal OES, DHS, and FEMA, 2016). However,
with near-zero housing vacancy rates and housing affordability
issues for both for-sale and rental housing at all income levels
for several years across the San Francisco Bay region (Pacific
Union, 2016; Metcalf, 2017), the available housing supply will
likely be depleted quickly, resulting in housing price increases,
perhaps dramatically in the central nine-county region. Hotels
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and motels in or near affected communities may initially be
provided to first responders and recovery contractors, which may
further exacerbate the housing shortage for displaced households
(Bay Area UASI, 2011). Services like Airbnb’s Open Homes
program that provide free, temporary housing to those impacted
by disasters will also be available. Nonetheless, a large supply of
temporary housing units may need to be constructed or brought
into the region, but this can take months to implement (Bay Area
UASI, 2011).
In a major earthquake, like that in the HayWired
scenario, widespread housing damage and preexisting housing
market constraints in the San Francisco Bay region will make it
extremely challenging to provide quick and affordable interim
housing resources and keep people near their home communities,
especially in areas of concentrated damage. Socially and
economically vulnerable populations may have a much harder
time finding alternative housing near their home communities
(Peacock and others, 2014; Fussell, 2015). As a result, tens of
thousands of households may be required to leave their home
communities to find available housing. More distant and more
permanent relocations may also result from the lack of interim
housing resources.
The “Bay Area Earthquake Plan,” “Regional Catastrophic
Earthquake Interim Housing Plan,” and “National Disaster
Housing Strategy” do not offer much guidance on the potential
“receiving communities” for residents displaced from their
home communities by a major earthquake (FEMA, 2009; Bay
Area UASI, 2011; Cal OES, DHS, and FEMA, 2016). However,
past disaster experiences have shown that emergency sheltering
and interim housing decisions and actions taken early on in a
major disaster by local, State, and Federal response personnel
may greatly influence the geographic pattern of population
displacement and locations of potential receiving communities
(Mueller and others, 2011; Esnard and Sapat, 2014). Studies of
the spatial economic demand shift in Louisiana, Mississippi, and
Alabama after Hurricane Katrina showed that people migrated to
places at the edge of the disaster area with minimal to no damage
and, in some instances, stayed there for several years (Xiao and
Nilawar, 2013).
Given these insights and constraints, it is likely that
communities with the capacity to become major receiving
communities will be outside the central urbanized core and
in less-damaged edge communities of the nine-county region
as well as in the seven surrounding counties—Mendocino,
Sacramento, Yolo, San Joaquin, San Benito, Monterey, and
Santa Cruz Counties—and particularly larger cities within
these counties, such as the cities of Sacramento, Stockton,
Modesto, and Salinas. However, the combination of damaged
regional highways and the Bay Area Rapid Transit (BART)
system could severely impede commuter transport. Regional
emergency transportation plans to provide added capacity to the
region’s ferry and public transportation network after a major
disaster (Cal OES, DHS, and FEMA, 2016; San Francisco Bay
Area Water Emergency Transportation Authority, 2016) would
need to be enhanced to extend planned services further afield
and over a longer period of time to improve the viability and

desirability of interim housing options in some of these areas.
Others may relocate to other parts of California, the adjoining
States of Oregon, Nevada, and Arizona, or even further afield.
All displaced households will require much more than
housing and there will be simultaneous increased demands
on community services and infrastructure, such as health
care, employment assistance, childcare, and access to schools
in receiving communities. It is important that receiving
communities plan for and have support for these services, and
that the services be offered simultaneously or sequenced in
a way that helps settle residents and enhance their recovery
(Tobin-Gurley and others, 2010).

Anticipating Population Return
There are factors internal and external to disaster-impacted
areas that can influence the duration of displacement and rate
of population return (Fraser and others, 2003; Greer, 2015;
Husby and Koks, 2017). The restoration of damaged housing
or construction of new housing are major factors. Past disasters
have shown that it takes at least two years to replace a significant
portion of housing; multifamily and affordable housing is much
more difficult and slower to replace than single-family, market-rate
housing (SPUR, 2012). Aftershocks and an array of postdisaster
conditions, including additional damage; lack of schools, health
care, and other services; lack of social ties; delays in the recovery
efforts; and concerns about future earthquake risks, could also
delay population return and increase the potential outmigration
from the region. Furthermore, if displaced residents find better
schools, more affordable housing, and new jobs in other places,
they may delay returning or choose not to return to their home
communities, no matter how fast or effective the rebuild.
Past disasters have also shown that population recovery
in some communities does not necessarily equate to a return
of predisaster residents (Johnson and Olshansky, 2017).
Postdisaster changes in the demographic composition of impacted
communities is common, with new people, notably recovery
workers and the reconstruction labor force, moving in, sometimes
permanently. For example, there is a larger population of young
adults and Latinos in the recovered City of New Orleans than
before Hurricane Katrina (The Data Center, 2019).

Long-Term Community Recovery
Challenges
The analyses of areas and population at risk of displacement reveal some significant long-term recovery challenges that
residents, businesses, and communities in the San Francisco Bay
region are likely to face after a major earthquake like that in the
HayWired scenario. Three long-term recovery challenges are
explored in greater detail: assembling the financial resources for
recovery, repairing and replacing the substantial amount of damaged housing, and, addressing areas that may require governmental interventions and replanning to recover.
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Assembling the Financing Resources for Recovery
Money fuels disaster recovery and its availability largely
determines the pace and scope of community recovery (Johnson
and Olshansky, 2017). In a major earthquake sequence like
that in the HayWired scenario, it will be difficult for residents,
businesses, and governmental and nongovernmental agencies
to quickly assemble the substantial resources necessary to fund
repairs and rebuilding.
Total direct economic losses are determined in section C. In
summary, the estimated building and content damages and income
losses for the mainshock (ground shaking, landslide, liquefaction,
and fire) and aftershock (shaking) for the HayWired scenario is
about $102 billion (in 2016 U.S. dollars). Of this, about 43.5 percent
are residential losses and 56.5 percent are nonresidential losses.
An analysis by CoreLogic, Inc. (2018) estimates $167.3
billion (2016 U.S. dollars) in potential damage to commercial and
residential property as well as automobiles and direct business
interruption losses caused by the mainshock (ground shaking,
landslide, liquefaction, and fire) and aftershock sequence.
Approximately 40 percent of these losses occur in Alameda
County. A prior analysis by Grossi and Zoback (2013) estimated
losses between $172.5 and $186.5 billion (2013 U.S. dollars;
between $177.7 and $192.1 billion in 2016 U.S. dollars) for a suite
of Mw 7.0 earthquakes on the Hayward Fault; they considered
earthquake hazards, fire, and insurance-related postdisaster cost
inflation, but not aftershocks. None of these estimates account for
damage to the region’s utility and transportation infrastructure,
contingent business interruption losses, and other direct, indirect,
and induced economic impacts of building capital losses and
utility disruption.
Though there are some significant discrepancies between
these loss estimates, the important point to consider is the scale
of loss—a loss that does not yet account for the indirect losses

caused by social and economic disruption. These estimates vastly
surpass any modern disaster experience in the San Francisco
Bay region. For perspective, the Mw 6.9 Loma Prieta earthquake
of 1989 caused about $10 billion in economic losses at the time
(approximately double in 2016 U.S. dollars) and the Mw 6.0
South Napa earthquake of 2014 caused more than $700 million in
economic losses (Insurance Information Institute, 2018).
In most areas of the United States, insurance is a foundational
element of a community’s disaster recovery. According to national
surveys, about 95 percent of homeowners have basic residential
insurance coverage (Wilkinson, 2016). In California, however,
earthquake insurance is generally offered as a separate policy from
the general property insurance; only about 10 percent of general
residential property insurance holders in the nine-county region
have an earthquake insurance policy (California Department of
Insurance, 2017). Most of the commercial earthquake insurance
in the State covers large commercial buildings (California
Department of Insurance, 2012).
Given the low levels of earthquake insurance coverage
in the region, CoreLogic, Inc. (2018) estimates $30.2 billion in
insured losses, or only about 18 percent of their total damage
estimate for the HayWired scenario is covered by insurance. More
specifically, about 20 percent of commercial losses and 9 percent
of residential losses are covered by insurance. About $21.2 billion
in insured losses are from earthquake-hazard-related damages (for
example, ground shaking, landslide, and liquefaction) for the Mw
7.0 mainshock of the HayWired scenario. In the CoreLogic, Inc.
(2018) estimation, insured losses for fire and sprinkler damage
adds $4 billion to the mainshock estimate and the cumulative
insured losses for the aftershock sequence totals $5 billion.
Figure 8 illustrates the portions of the CoreLogic total damage
estimates for both residential and nonresidential occupancy
groupings that are covered by insurance for the mainshock,
aftershocks, and the entire HayWired scenario earthquake sequence.
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Figure 8. Bar graph showing the percentage of CoreLogic, Inc. (2018) estimated insured and uninsured losses for residential and nonresidential
occupancy groupings for the HayWired scenario mainshock, aftershocks, and the entire earthquake sequence in the San Francisco Bay region, California.
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These estimates do not include the insured losses for
damage to the region’s infrastructure; workers compensation
exposures; government exposures that are not part of the
commercial, residential, and automobile lines of business; and
long-term indirect economic impacts of such a major disaster.
Most counties, as well as many cities and municipal districts,
in the San Francisco Bay region belong to insurance risk pools
that provide workers compensation and property insurance
coverages and, thus, would be providing additional insurance
resources for the recovery.
It is difficult to draw direct comparisons between the
insurance estimates for this scenario and the insured losses
from the 1989 Loma Prieta and 1994 Northridge earthquakes
because the insurance market has changed so much over time.
Nonetheless, for the 1989 Loma Prieta earthquake, there
was an insured loss of $960 million, or nearly 10 percent of
the $10 billion in total losses, and, for the 1994 Northridge
earthquake, insurance losses were $15.3 billion, or 35 percent
of the $44 billion in total losses (in original values) (Munich
RE, 2015).
CoreLogic, Inc. (2018) estimates $2 billion in fire-related
insured losses in the HayWired scenario. Scawthorn (2018)
estimates that there could be close to $30 billion in replacement
value for properties damaged by fires in the HayWired scenario.
Removing the potential for double-counting of the losses for
both earthquake hazards and fire and using the more conservative
Hazus valuation of additional fire damage, the loss is about $20
billion (in 2016 dollars). In either case, a significant portion of that
damage would likely be covered by general property insurance.
For comparison, in the 1991 fire in the east bay hills, 3,500 homes
were destroyed, resulting in about $1 billion in insured losses
(1992 U.S. dollars; $1.72 billion in 2016 U.S. dollars) (Scawthorn,
2018), and the 2017 California wildfires resulted in more than $11
billion in insured losses from damage to more than 21,000 homes
and 2,800 businesses (Verma, 2017; Aon Benfield, 2018).
Though the CoreLogic, Inc. (2018) and Scawthorn (2018)
fire damage differences are not reconciled, an insurance industry
loss of more than $30 billion would be comparable in size to the
insured property losses after Hurricane Sandy in 2012 (Munich
RE, 2015), but less than the expected $135 billion insured losses
from the 2017 hurricane season (Kim, 2017; Munich RE, 2018).
Nonetheless, as this analysis has shown, a considerable portion of
the total losses from a major earthquake, like that in the HayWired
scenario, would not be covered by insurance payouts, making it
significantly different from other large urban disasters that we have
faced recently in the United States, such as major hurricanes in
2005, 2012, and 2017.
A major earthquake like the Mw 7.0 mainshock of the
HayWired scenario would almost certainly trigger State and
Federal disaster declarations and the provision of disaster
assistance programs and activities defined by the California
Disaster Assistance Act (California Government Code 86808692), the Robert T. Stafford Disaster Relief and Emergency
Assistance Act (Public Law 93-288, as amended), as well
as other State and Federal disaster assistance programs and
activities. Congress can also appropriate supplemental funding
to programs like the U.S. Department of Housing and Urban

Development’s Community Development Block Grant Disaster
Recovery (CDBG-DR) to help rebuild areas affected by federally
declared disasters. CDBG-DR funding has been a crucial
resource for State and local governments and homeowners
in addressing unmet disaster recovery needs in many recent
disasters (Johnson and Olshansky, 2017); however, the unmet
needs from a major earthquake, like that in the HayWired
scenario, would far exceed the CDBG-DR allocations made
to States and cities impacted by 2005 Hurricane Katrina, 2012
Hurricane Sandy, and the 2017 hurricane and wildfire seasons.
It can also take considerable time for Congress to make the
allocations, for receiving States and communities to design and
implement funding programs, and, thus, for recipients to actually
receive the funds. Also, after major disasters, Congress or the
President may authorize tax credits and other forms of temporary
relief or incentives to help stimulate rebuilding.
Studies from past disasters have shown, however, that race,
ethnicity, gender, income, language fluency, and cultural differences
can differentially influence the accessibility and distribution of
formal disaster assistance, especially from government sources
(Bolin, 2007; Enarson and others, 2007; Aldrich, 2011). For the
HayWired scenario, some of the hardest hit communities also
have high ABAG/BCDC CVI scores and, thus, many individuals,
households, and business owners in these areas may have difficulty
obtaining formal disaster assistance. Language and education
limitations, fear of authorities, complicated forms, and limited
internet access to services are just a few of the barriers that
socioeconomically disadvantaged groups face (Bolin and Stanford,
1998; Tobin-Gurley and others, 2010; Abramson and others, 2015).
Even with insurance payouts and disaster funding from
both the Federal and State government, a considerable amount of
private investment would also be required to finance a recovery
effort of this magnitude, depleting individual savings and business
reserves and with socioeconomic ripple effects to follow for many
years. Philanthropic and nonprofit funding would be especially
crucial for those with few resources or who have difficulty
accessing public postdisaster resources.

Repairing and Replacing Damaged Housing
Reestablishing permanent housing is crucial to both
household and community-scale disaster recovery (Peacock and
others, 2007; Xiao and Van Zandt, 2011). If housing recovery
is impaired, then other dimensions of community recovery are
also delayed.
Damage to 1 million residential buildings is valued at $42.4
billion (in 2016 U.S. dollars) using the Hazus methodology.
However, these estimates are based on replacement costs of $140
to $150 per square foot (in 2005 U.S. dollars) that are then inflated
to $170 to $180 per square foot in 2016 U.S. dollars, which is
slightly above the average Hazus replacement cost of $168 per
square foot across all occupancies in the San Francisco Bay
region. In 2017, construction costs averaged $330 per square foot
in San Francisco—the highest in the Nation (Sawyer, 2017)—and
temporary postdisaster increases in construction costs, known as
demand surge, are common because of workforce and resource
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constraints. In the year after the 2017 wildfires, homeowners
in Sonoma County reported construction estimates more than
doubled to $500 to $600 per square foot (Newberry, 2018). Thus,
the actual postdisaster costs to repair and replace damaged housing
after a major earthquake in the San Francisco Bay region could
be much higher and financing will be a major challenge for some
building owners, especially those without insurance.
For most of the nearly 900,000 residential buildings with
slight to moderate damage in the HayWired scenario, likely loss
levels could be within the range of financing available with Small
Business Administration (SBA) disaster loans and Individual
Assistance grants from the Federal Emergency Management
Agency (FEMA). For the small portion of these building owners
who have earthquake insurance, the structural loss levels may not
exceed their deductibles and owners may need to seek conventional
loans or rely on their individual savings to fund repairs.
Owners of the approximately 90,000 single-family or
duplex buildings and 7,600 multifamily buildings with extensive or complete damage may only be able to partly finance
their rebuilding costs with SBA disaster loans of as much as
$200,000 and FEMA Individual Assistance grants of as much as
$34,900 (for Federal disasters declared after October 1, 2018)
for qualifying applicants. Insurance is likely to cover a large
portion of the fire-related losses as well as the losses incurred
by the small portion of owners who have earthquake insurance
coverage. All insureds would still need to fund the deductible
amounts and there may be policy limitations and instances of
underinsurance—where the insurance limits do not sufficiently
cover the costs of rebuilding. Multifamily building owners
also tend to have greater difficulty assembling the necessary
resources to finance repairs and rebuilding than single-family
building owners; condominium owners have the added burden
of assembling agreement and financing among all the unit owners (Comerio, 1998; Olshansky and others, 2005; Peacock and
others, 2014).
Though all residential building owners are likely to have
significant recovery financing challenges, owners with lower
income levels may face greater difficulties qualifying for SBA
loans, face difficulties obtaining conventional financing, and
lack the necessary savings to fund repairs or rebuilding. Mortgage defaults and replacing affordable housing could present
added difficulties for housing recovery in some neighborhoods
(Olshansky and others, 2005). Significant uninsured housing
repair costs will likely require some level of governmental
intervention and support. Several large government-led housing
repair programs have been created to address housing recovery
financing gaps after Hurricanes Katrina and Sandy in the United
States, the 2010–11 Canterbury earthquakes in New Zealand, as
well as other major disasters, and, in a few cases, also helped to
control the widespread and simultaneous construction demands
and postdisaster cost increases (Johnson and Olshansky, 2017).
Household-level decisions to stay and rebuild depend on
more than just housing damage and access to recovery resources.
Other important factors include: the speed, strength, and certainty
of economic recovery; availability of jobs and businesses; speed
with which utilities, critical community services, and nearby

business are restored; and regulatory changes to inspections, planning, construction, or zoning (Comerio, 2006; Groen and Polivka,
2010; Xiao and Van Zandt, 2011; Xiao and Nilawar, 2013; Elliott,
2014; Greer, 2015). Delays in the restoration of neighborhoodserving businesses and important community facilities and services, including schools, hospitals, doctor’s offices, general health
care services, fire and police stations, city and county administration buildings, and social services, can impede housing recovery.
As discussed by Porter (2018a) and Jones and others (this
volume), the Mw 7.0 mainshock and aftershocks of the HayWired
scenario will cause infrastructure disruptions and damage,
particularly to transportation and water distribution systems, that
could impede housing recovery. In general, for a housing unit
to be deemed habitable, it must have access to water, sewer, and
electricity. It is possible that occupants of habitable housing units in
areas that have extensive water system damage may be displaced
for an extended period of time because of water service outages.
There may also be instances where the owners of damaged singlefamily and multifamily buildings may delay or decide against
repairs and rebuilding until utility services are restored. The many
aftershocks in the HayWired scenario could also cause additional
housing damage and essentially “reset the clock” for many housing
recovery efforts. Hard-hit communities, in particular, could be
overwhelmed by the planning and permitting needs resulting from
a major earthquake and aftershock sequence.
The combination of damaged regional roadways and
highways and the BART system in the HayWired scenario (see
Jones and others, this volume) could essentially sever north-south
transport through central Alameda County and hamper housing
recovery throughout the east bay corridor. The jobs-housing
commute analysis by Wein, Belzer and others (this volume)
informs the commute analysis by Kroll and others (this volume),
which considers the effects of potential disruption to commutes
from roadway and highway damages and extended repair times on
economic recovery.

Areas Requiring Substantial Governmental
Intervention and Replanning
A major earthquake like the Mw 7.0 mainshock of the
HayWired scenario could also damage some parts of the San
Francisco Bay region so extensively that market forces alone
cannot facilitate recovery, and governmental interventions
and replanning will be required. Determining which areas can
successfully recover according to existing plans and policies
and which would need to be replanned is a difficult task that
largely falls to local governments to address. This analysis
identifies potential areas that may require governmental
interventions and replanning after a major earthquake in the San
Francisco Bay region.
Table 7 defines a typology of these potential areas and
provides examples from past disasters; general descriptions
of potential communities at risk in the HayWired scenario;
potential damage, hazard, and risk considerations; and
potential governmental interventions and replanning actions
that might be taken.

Past earthquake
example(s) and key
references
Christchurch, New
Zealand, 2010–11
earthquakes (van
Ballegooy and others,
2014; Rogers and
others, 2014; Johnson
and Olshansky, 2017)

Potential communities at risk in the HayWired scenario

Areas with
substantial land,
building, and
infrastructure
damage caused
by liquefaction

Neighborhoods along San Francisco, Richmond Marina, and San
Pablo Bays, especially those built on bay muds or artificial fill
and along major inland drainage ways; see Jones and others
(2017) and Seligson and others (2018).
Areas of potentially concentrated building damage caused by
liquefaction are in Richmond, San Pablo, unincorporated North
Richmond, Albany, Berkeley, Emeryville, Oakland, City of
Alameda, San Leandro, Hayward, Union City, and Fremont.
Neighborhoods in these areas that also have populations
vulnerable to displacement and may lack recovery resources or
an ability to return.
Neighborhoods on steep to very steep slopes and on existing
Santa Cruz Mountains,
Areas with
landslides in the east bay hills near the hypothetical rupture
1989 Loma Prieta
substantial land,
zone of the Hayward Fault and other parts of the region,
earthquake (Tyler,
building, and
especially those areas of strong ground shaking (greater than 20
1995)
infrastructure
centimeters per second), poor geologic-material strength, and
Anchorage, Alaska, 1964
damage caused
steep slope gradient; see McCrink and Perez (2017).
earthquake (Pruess,
by landslides
1995; Tyler and others, Areas of potentially concentrated building damage from landslide
are just to the east of the Hayward Fault trace in parts of
2002)
Oakland, Berkeley, and unincorporated Kensington.
Niigata, Japan, 2004
Neighborhoods in these areas that also have populations
earthquake (Iuchi,
vulnerable to displacement and may lack recovery resources or
2014)
an ability to return.
Neighborhoods along the 63-km stretch of the Hayward Fault that
Areas with surface Napa, 2014 earthquake
ruptures on land from Point Pinole in the north to the Warm
fault rupture,
(Hudnut and others,
Springs area of Fremont in the south, with as much as 2 meters
including afterslip
2014)
of coseismic slip as well as 0.5–1.5 meters of afterslip; see
San Fernando, 1971
Aagaard, Schwartz, and others (2017).
earthquake (William
The Hayward Fault runs through a highly developed area and
Spangle and
most structures and infrastructure are not specifically designed
Associates, 1980)
to withstand displacement associated with coseismic slip or
afterslip. There are 577 structures—including 535 residential
buildings—in the areas of measurable offset from coseismic
slip and afterslip along the Hayward Fault for the mainshock of
the HayWired scenario. There are 2,654 structures—including
2,515 residential buildings—in the zone of uncertainty along
either side of the fault rupture zone in the HayWired scenario.
Neighborhoods in these areas that also have populations
vulnerable to displacement and may lack recovery resources or
an ability to return.

Area

Potential government interventions and
replanning actions
Access control
Emergency structural and land stabilization
measures
Potential zones of required investigation, in
accordance with the California Seismic
Hazards Mapping Act and Alquist-Priolo
Earthquake Fault Zoning Act
Areawide (not site-specific) geologic hazard
investigation to assess future risks
Multi-hazard considerations, including current
and future flood risks for liquefaction areas
and winter storm and wildfire hazards for
landslide areas
Regional and local planning considerations,
such as priority development areas and
priority conservations areas in the “Plan
Bay Area 2040”
Community engagement in hazard
evaluations, planning, and rebuilding
decisions
Psychological and social service support
Temporary building moratorium until
investigations and planning are completed
Areawide remediation approaches
Site development and building code changes
Land use and zoning changes
Voluntary buyout program or land acquisition
for replanning areas
Funding for access control, emergency
measures, hazard investigation, planning
and community engagement, areawide
remediation, property buyouts, and
building, road, and infrastructure repairs and
replacement

Potential damage, hazard,
and risk considerations
Damage to building
foundations and structural
integrity
Damage to roads and buried
infrastructure
Additional damage from
aftershocks (such as
repeated liquefaction,
slope failures, fault
rupture, or building and
infrastructure damage)
Increased vulnerability to
flooding (current and
future) in liquefaction
areas
Increased vulnerability to
slope failures in landslide
areas
Uncertainty about
the feasibility and
affordability of land
remediation for
liquefaction, landslide,
and other ground failure
damage
Uncertainty about
the feasibility and
affordability of repairs
to existing buildings and
infrastructure
Building owner mortgage
loan defaults
Occupant displacement and
(or) voluntary relocation
Property blight
Decline in property values
Loss of property tax
revenues

[km, kilometers; km2, square kilometers; MMI, Modified Mercalli Intensity; Mw, moment magnitude; BART, Bay Area Rapid Transit]

Table 7. Potential areas that may require governmental interventions and replanning to facilitate recovery in the HayWired scenario, San Francisco Bay region, California.
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Areas subjected to shaking levels of MMI VIII or above are most
vulnerable to building damage; see Aagaard, Boatwright, and
others (2017). Those areas that also have high-density wood
construction and population densities greater than 3,000 people
per km2 are most vulnerable to post-earthquake fires; see
Scawthorn (2018).
Areas of concentrated building damage caused by ground shaking
and fires in the economic subareas1 of western Contra Costa
County; northern, central, and southern Alameda County;
Dublin-Pleasanton; Novato; and Vallejo.
Areas with concentrations of multifamily housing and (or)
low-income renters in north Richmond, Pinole, east Oakland,
Hayward, and Union City.
Older neighborhood-serving retail districts in Pinole, Richmond,
Kensington, Albany, Berkeley, Oakland, Piedmont, San
Leandro, Alameda, Castro Valley, and Hayward.
Neighborhoods in these areas that also have populations
vulnerable to displacement and may lack recovery resources or
an ability to return.
Jones and others (this volume) investigated the exposure of
five lifeline infrastructure systems (water, electric power, oil
and gas, transportation, and telecommunications) to all the
different hazards from the Mw 7.0 mainshock of the HayWired
scenario (ground shaking, surface fault rupture, liquefaction,
landslide, and fire) and identified an area of 178 km2 that had
four overlapping mainshock hazards as well as a small 0.2 km2
area along the Hayward Fault trace where all five mainshock
hazards overlap; see Jones and others (this volume).
Areas where substantial damage patterns of both buildings and
infrastructure offer opportunities for realignment, removal,
or substantial reconfiguration and redesign of transportation,
infrastructure, and the surrounding neighborhoods.
Areas surrounding highway bridges and BART facilities with
extended repair times.
Areas surrounding San Francisco Bay with seaport, airport,
wastewater treatment, and oil and gas processing facilities that
may sustain substantial damage.
Neighborhoods in these areas that also have populations
vulnerable to displacement and may lack recovery resources or
an ability to return.

Potential communities at risk in the HayWired scenario

1

Economic subareas are defined by Wein, Belzer, and others (this volume).

Embarcadero Waterfront,
Areas with
San Francisco,
substantial
1989 Loma Prieta
transportation
earthquake (King,
and infrastructure
2004a)
damage
Hayes Valley, San
Francisco, 1989 Loma
Prieta earthquake
(King, 2004b)
West Oakland, 1989
Loma Prieta
earthquake (Jackson,
1998)

Area

Past earthquake
example(s) and key
references
Downtown Santa Cruz,
Areas with
1989 Loma Prieta
concentrated
earthquake (Mader and
building damage
Tyler, 1991; Tyler and
caused by ground
others, 2002)
shaking and fire
Los Angeles “ghost
towns,” 1994
Northridge earthquake
(Comerio, 1998;
Olshansky and others,
2005, 2006)
Kobe, Japan, 1995
earthquake (Olshansky
and others, 2005, 2006;
City of Kobe, 2010;
Edgington, 2010)

Table 7.—Continued

Damage to building
foundations and structural
integrity
Damage to roads, bridges,
and other lifeline
infrastructure facilities
Additional building and
infrastructure damage
from aftershocks
Uncertainty about
the feasibility and
affordability of repairs
to existing buildings and
infrastructure
Building owner mortgage
loan defaults
Occupant displacement and
(or) voluntary relocation
Property blight
Decline in property values
Loss of property tax
revenues

Potential damage, hazard,
and risk considerations

Access control
Emergency structural and infrastructure
stabilization measures
Temporary transportation and infrastructure
service provision
Regional and local planning considerations,
such as priority development areas and
priority conservations areas in the “Plan
Bay Area 2040”
Community engagement in planning and
rebuilding decisions
Psychological and social service support
Temporary building moratorium until planning
is completed
Site development and building code changes
Land use and zoning changes
Voluntary buyout program or land acquisition
for replanning areas
Funding for access control, emergency
measures, planning and community
engagement, property buyouts, and
building, road, and infrastructure repairs and
replacement.

Potential government interventions and
replanning actions
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Figures 9–13 integrate all elements of this analysis of
communities at risk by highlighting some areas that may face
intensive long-term recovery challenges. Specifically, these are
areas of:
• Substantial land and building damage caused by
liquefaction (fig. 9). These high-liquefaction-hazard areas
in the areas of concentrated damage are located primarily
in the flat lands along the eastern shores of San Francisco
and San Pablo Bays.

loss of property tax revenues for local and State governments.
An array of governmental interventions and replanning actions
may be necessary to address these post-earthquake conditions,
all of which require money, community engagement, and time,
and the demands will likely come at a point when populations
are displaced and local government budgets may be very
constrained because of a reduced tax base and the additional
costs of repairing publicly owned facilities and infrastructure.

• Substantial land and building damage caused by landslides
(fig. 10). These high-landslide-hazard areas in the areas of
concentrated damage are mostly located on the east side of
the Hayward Fault in the east bay hills.

Policy Implications for Improving
Community Resilience

• Potential surface fault rupture, including afterslip
(fig.  11). Census block groups in the areas of
concentrated damage within one-quarter of a mile of the
Hayward Fault are shown.

Community resilience is defined as the preparedness of
people, entities, and systems to withstand acute shocks, like
earthquakes, as well as chronic stresses while still maintaining
essential functions to recover more quickly and effectively, and
sometimes even emerge stronger (Rockefeller Foundation and
Arup International Development, 2014). Work on community
seismic resilience has been underway in California and the
San Francisco Bay region for many years, but the 1989 Loma
Prieta earthquake spotlighted the large-scale vulnerabilities
that the region could face from a future, more centrally
located earthquake. It also helped to instigate and galvanize
a great many efforts in emergency preparedness, hazard
mitigation, and response and recovery planning by a multitude
of institutions, individuals, and businesses for the next few
decades. Brocher and others (2018) estimate that since 1989, as
much as $80 billion of investment across the region has been
directed to critical infrastructure upgrades as well as extensive
retrofitting of seismically vulnerable residential, commercial,
and public buildings.
Nonetheless, as this analysis has revealed, substantial
housing, infrastructure, social, and financial vulnerabilities to a
major earthquake remain across the San Francisco Bay region.
Furthermore, some of these vulnerabilities are only likely to
continue to grow, unless there are some fundamental shifts
in the scale of attention and investment given to reducing the
region’s seismic risk.
Seven policy implications for improving community
seismic resilience in the San Francisco Bay region stem
directly from insights gained in this analysis of communities
at risk. The first three policy topics focus on ways in which
regionwide community resilience can benefit from improving
the physical resilience of the region’s housing and lifeline
infrastructure so that the risks of widespread and prolonged
population displacement and long-term recovery challenges
after a major earthquake could be significantly reduced. Four
additional policy topics address policy and planning initiatives
that could also enhance the region’s resilience and readiness
for a major earthquake. Other chapters of the HayWired
scenario (Porter, 2018a; Porter, 2018b; Jones and others, this
volume; Sue Wing and others, this volume; Kroll and others,
this volume; Wein, Haveman, and others, this volume; Wein,

• Concentrated building damage caused by ground shaking
and fire (fig. 12). Census tracts that have 60 percent or
more of the building square footage in an extensive or
complete damage state for all residential occupancies,
the household-serving occupancy grouping, and all other
nonresidential occupancies are shown.
• Substantial transportation (BART and highway bridges)
and infrastructure (electric power and water supply)
damage (fig. 13). We define “substantial” damage
as follows: for electric power, an electric substation
is estimated to have less than 90 percent restored
functionality within 30 days by Hazus; for BART, a
station is estimated to need more than 30 days to complete
repairs; for highway bridges, a bridge is estimated to need
more than 30 days to complete repairs; and for water
supply, areas estimated to have more than eight pipeline
breaks in a 1-square-kilometer area are identified as
needing more than 30 days for repairs to be completed
(assuming that areas with high concentrations of pipeline
breaks would take longer for repairs to be completed than
if fewer breaks occurred).
In all these areas, those neighborhoods that also have
populations vulnerable to displacement, may lack recovery
resources, or an ability to return may especially need
governmental interventions and replanning to facilitate
recovery. The areas with ABAG/BCDC CVI scores of 5 or
more are shown in all the figures.
All the areas highlighted in figures 9–13 could also face
additional damage from aftershocks (or afterslip in areas
along the fault rupture) and an increased vulnerability to other
hazards, such as flooding and slope failures. This may generate
uncertainty about the feasibility and affordability of repairs and
ripple effects that may include mortgage defaults by building
and property owners, occupant displacement and (or) voluntary
relocation, property blight, declining property values, and a
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Belzer, and others, this volume) identify mitigation and
resilience opportunities and readers are encouraged to look at
these chapters for additional suggestions.

1. Accelerate the Seismic Mitigation of Homes
This analysis shows that catastrophic levels of concentrated
housing damage can occur across the San Francisco Bay region
and that densely developed neighborhoods with 1970s and older,
single-family and multifamily wood-frame residential buildings
are also vulnerable to post-earthquake fires and widespread
neighborhood impacts.
Retrofit measures for the region’s most common type of
residential buildings—low-rise wood-frame structures—have been
demonstrated to be cost effective, with higher quality measures
estimated to save thousands of dollars in potential losses per
residential unit (Porter and others, 2006). However, with only a
few exceptions, the upgrade of seismically vulnerable housing in
the San Francisco Bay region communities is largely a voluntary
action undertaken by individual building owners, which has meant
that some retrofits are incomplete or not based on uniform, bestpractice building codes (Janiele Maffei, California Earthquake
Authority, written commun., 2017), and the benefits of the retrofit
efforts can rarely be realized on a community scale.
Some cities in the region, including Alameda, Albany,
Berkeley, Campbell, Fremont, Hayward, Oakland, Palo Alto,
San Leandro, and San Francisco, have developed inventories
of seismically vulnerable housing types (1906 Earthquake
Centennial Alliance, 2006; ABAG, 2015b), but even fewer have
implemented mandatory retrofit programs. The Earthquake
Safety Implementation Program evolving out of the Community
Action Plan for Seismic Safety and resulting in a suite of
mandatory retrofit ordinances adopted by the City and County
of San Francisco is a model for both vulnerability assessments
and implementation efforts (City and County of San Francisco,
2018). ABAG estimates that there are 140,000 housing units
in 17,000 seismically vulnerable, “soft-story” buildings across
the nine-county region and is advocating for the enactment of
statewide guidelines for the identification, evaluation, and retrofit
of seismically unsafe housing as well as the development of the
technical and financial resources and incentives to encourage local
governments and building owners in the region to take action
(ABAG, 2015b).
Also, legislation adopted in California in 2016 makes it
easier for single-family homeowners to build an “accessory
dwelling unit” on their property or to legalize an existing illegal
unit (Pender, 2016). The construction of accessory dwelling
units in seismically vulnerable housing is a concern, and seismic
upgrades of the entire structure ought to be encouraged as part of
any accessory dwelling unit construction.
A systematic, neighborhood-centric, but regionwide
approach to the retrofit or replacement of seismically vulnerable
housing could reduce the potential for concentrated housing

damage and the cascading effects that could follow in a major
earthquake. This would provide community resilience benefits to
the region as well as individual neighborhoods and communities.
Such a program would require multijurisdictional, regionwide
cooperation and collaboration, expanded development of codecompliant standards for the range of seismically vulnerable
housing types in the region, enhanced permitting, construction,
inspection mechanisms, and technical assistance, dedicated
funding sources, and equitable incentives for both single-family
and multifamily housing. New and existing legislative vehicles
for funding sources could possibly include bond measures, taxes,
and tax incentives. Social vulnerability data, such as the ABAG/
BCDC community vulnerability indicators, could be used to
determine where governmental interventions, especially financing
mechanisms, may be needed to help target socially vulnerable
communities, preserve affordable housing, and prevent initial
displacement caused by construction and subsequent displacement
caused by gentrification.
Such a program could also incorporate mitigations to reduce
the potential for post-earthquake fires. Recent wildfires and
heightened concerns about utility-related fire ignitions across
California highlight the threat posed by urban fires and the need
for increased attention to mitigating fire risk in our housing stock.
Some financial programs already support home retrofits. For
example, the State of California’s Property Assessed Clean Energy
financing program allows property owners to borrow privatelender funding to pay for energy, water, and (or) seismic retrofits,
spread the cost of the upgrade over 20-plus year terms and transfer
those assessments with the property upon sale (PACENation,
2019). In January 2017, the State of California expanded the
seismic strengthening improvements allowed under the Property
Assessed Clean Energy program, which may enhance its
viability as a mitigation financing tool for the region’s seismically
vulnerable housing.
The Earthquake Brace + Bolt (EBB) program, created in
2011 by the California Earthquake Authority and the California
Governor’s Office of Emergency Services, is an example of
an incentivized and systematic seismic retrofit program that
targets single-family homeowners (California Residential
Mitigation Program, 2019a). The EBB program offers as much
as $3,000 toward a code-compliant seismic retrofit for certain
kinds of single-family homes built before 1979. From 2014 to
2017, the EBB program awarded retrofit grants to more than
1,600 homeowners in the San Francisco Bay region (California
Earthquake Authority, 2018) and the program expanded to 126 ZIP
codes across the region in 2019; see figure 14. As of September
2019, the California Earthquake Authority reports nearly 3,000
retrofits completed in the region since the program’s inception
(Steven Martinez, California Earthquake Authority, written
commun., 2019). It is eventual goal of the California Earthquake
Authority and the California Governor’s Office of Emergency
Services that the EBB program will be available to qualifying
homeowners in all high-seismic-hazard regions of the State.
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2. Strengthen or Replace Infrastructure
The HayWired scenario shows that seismically vulnerable
systems, such as old water distribution pipelines, directly
threaten the recovery of some communities and can also have
cascading consequences for the region. There are substantial
resilience benefits to be gained if the region’s governmental
and utility agencies were to undertake a more systematic and
regionally shared approach to setting lifeline infrastructure
performance objectives and using those objectives to prioritize
and finance upgrades to the region’s most seismically
vulnerable lifeline infrastructure. The HayWired scenario
provides important new data that can be used in assessing
system vulnerabilities and impacts, and establishing
community and regional lifeline infrastructure performance
objectives, including restoration times.
Since the 1989 Loma Prieta earthquake, as much as $33
billion has been invested in utilities and transportation in the
San Francisco Bay region to improve the resilience of regional
infrastructure systems (Brocher and others, 2018). The largest
investments have been in the retrofit and replacement of
transportation infrastructure by the California Department of
Transportation and Bay Area Rapid Transit (BART) and the
seismic strengthening of water supply and sewer systems.
Funding has largely come from Federal and State programs,
bridge toll increases, and voter-approved bond measures.
That investment has not been consistent, however, across
different utility sectors, and seismically vulnerable systems
continue to threaten regional disaster resilience (ABAG,
2014). ABAG (2015b) recommends the establishment of a
regional lifelines council, building off of the collaborative
efforts by the City and County of San Francisco’s Lifeline
Council and other initiatives, to address vulnerabilities in the
region’s infrastructure systems by improving collaboration and
the sharing of risk-assessment information, recovery plans,
projects, and priorities.

3. Build More Housing for All Income Groups
The HayWired scenario analysis of potential population
movements shows how the San Francisco Bay region’s
decades-long housing supply and affordability crisis could
be exacerbated by a major earthquake, leading to potentially
widespread and extended population displacement as well
as other cascading effects that commonly follow major
disasters, such as financially and mentally stressed households,
overcrowding, and extended occupancy of substandard
housing (Esnard and Sapat, 2014; Peacock and others, 2014).
The regional rates of new housing construction since 2010
have been less than 10,000 units per year, which is half or less
than the annual rates in previous decades; affordable housing
construction has been especially limited (ABAG, 2015a).
A concerted, regionwide effort to build a substantial
amount of new housing per year for all income groups in safe
locations and to modern construction standards—or even higher

construction standards that exceed the current “life safety” seismic
provisions in the California Building Code—would provide
multiple resilience benefits to the region. It would improve the
physical quality of the region’s housing stock, increase housing
quantity (which in turn improves the availability and affordability
of housing and relieves stress on overcrowded and rent-burdened
households), and reduce the amount of household displacement
outside the region, both pre- and postdisaster.
The “life safety” standards of the current codes do not
prevent the possibility of collapse or costly post-earthquake
repairs. An increased supply of seismically resilient rental
housing in the region could significantly reduce the risk of
widespread population displacement and relocation outside the
region for extended periods of time, even permanently, after a
major earthquake. If the State of California and cities in the San
Francisco Bay region were to require that all new buildings,
including housing, be built to exceed select “life safety” seismic
provisions of the latest International Building Code, it is estimated
that construction costs would only be about one percent higher
overall but that building impairment caused by earthquake-related
damage would be reduced by 75 percent (Porter, 2018b). For
every dollar invested in constructing new buildings that exceed the
seismic provisions of the 2015 model building codes, there is an
estimated $4 savings (Porter and others, 2018).

4. Promote Seismic Resilience in Land Use and
Development Policies
Many of the areas with concentrated damage and high social
vulnerabilities identified in the analysis of communities at risk
in the HayWired scenario coincide with priority development
areas in the “Plan Bay Area 2040” (MTC and ABAG, 2017). A
concerted emphasis on seismic risk reduction in local and regional
land use, housing, economic development, infrastructure, and
hazard mitigation policy and plans could help to direct more
investment and focus to upgrading the seismic resilience of
existing communities—the existing housing stock and lifeline
infrastructure—while future and more resilient communities are
being planned and built. The San Francisco Bay Area Metropolitan
Transportation Commission and ABAG are taking an important
step in this direction with the Horizon planning initiative which
includes a magnitude 7 earthquake on the Hayward Fault as one of
seven key external forces that San Francisco Bay region residents
may face within the regional planning horizon of 2050 (MTC and
ABAG, 2019).
The analysis of housing damage, damage concentrations,
and population vulnerabilities and impacts in the HayWired
scenario can be useful in assessments of future regional
housing needs and the development and updates of local
and regional housing policy and plans. The updates of local
hazard mitigation plans and the land use and safety elements
of local general plans would benefit from consideration of the
social vulnerabilities of residents in addition to the potential
risks caused by concentrated land and building damage in
future earthquakes.
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5. Address Population Movements and LongTerm Displacement in Local, Regional, and State
Preparedness, Response, and Recovery Plans
The analysis of communities at risk shows that
population displacement, and all the effects thereof, is one
of the most significant and long-term impacts that a major
earthquake will have on the San Francisco Bay region and
a central component of the region’s seismic resilience. The
data and insights from the HayWired scenario, especially on
post-earthquake fires, areas of concentrated land and building
damage, social vulnerabilities, and extensive damage to
water delivery systems and other lifeline infrastructure, can
be valuable in updating emergency preparedness, response,
and recovery plans. The plans could consider some of the
hardest hit and most vulnerable communities; partnering and
planning for the handling of displaced populations in potential
receiving communities; ensuring swift and equitable access to
disaster recovery resources and information; and preplanning
for temporary workforce housing. Organizations also could
plan for emergency, interim, and temporary housing and need
also to recognize the dynamics of these phenomena across
time and space. A few local governments in the region, such
as the City and County of San Francisco, have examined their
post-earthquake housing vulnerabilities and displacement risk
in detail (Kornfield and others, 2011; SPUR, 2012; Harvard
Kennedy School, 2014); other communities may require
technical and financial support to do the same.
In addition to government, faith-based and nonprofit
community service providers also could be informed and
engaged in helping to prepare for and provide a more
integrated set of services and streamlined process of providing
services to disaster-induced displaced individuals and
households. This includes planning to track, monitor, and
support the psychological and social aspects of displaced
individuals and households. Citizen Emergency Response
Team plans and training and individual and household
earthquake preparedness campaigns and training might also
be enhanced by insights gained from the HayWired scenario,
including the consideration of evacuation and relocation
situations in addition to their current emphasis on preparations
to shelter-in-place for as long as seven days. Business
preparedness could also benefit from considering scenarios
like the HayWired scenario, in which employees are displaced
for extended periods of time. There is a need for substantially
expanded “telework” protocols, systems, and training.

6. Plan for the Management of Long-Term
Recovery at All Levels of Government
The analysis of communities at risk in the HayWired
scenario puts a spotlight on the significance of spatial and
temporal aspects of concentrated damage and population
displacement and underscores the importance of local,
regional, State, and Federal agencies looking beyond the

moment of the earthquake and planning for the management
of long-term recovery after a major earthquake in the
San Francisco Bay region. Predisaster recovery planning
efforts by all levels of government could be expanded and
enhanced to include more detailed, operation-level planning,
policies, and procedures for: areawide land damage and
geologic hazard investigations; access control and temporary
moratoriums on rebuilding; expedited repair and rebuilding
permit processing; equitable and demographically inclusive
community engagement in postdisaster planning processes;
site development, building code, land use, and zoning changes
that may include voluntary buyout and land acquisition
programs; ongoing psychological and social service support
for the most vulnerable and impacted residents; and recovery
budgeting and financial planning. These planning efforts may
need technical and financial resources and to involve a wide
array of departments and agencies that may not be as familiar
with emergency response or disaster recovery planning, such
as agencies involved in land use planning, development and
construction, housing, public works, historical and cultural
preservation, and economic development.

7. Develop a Recovery Financing Strategy
The HayWired scenario confirms that the costs to rebuild
homes, businesses, services, and infrastructure damaged by
a major earthquake will dwarf anything that the region, and
even the State, has experienced in modern times—and funding
sources will be limited. Only a small portion of the building
damage caused by ground shaking, landslide, liquefaction,
and fires following a major earthquake in the San Francisco
Bay region is likely to be covered by private insurance and
disaster assistance programs that come with State and Federal
disaster declarations. Supplemental State and Federal disaster
assistance would need to be sought, which would require
State and Congressional legislative action and executive
leadership support. Additionally, a considerable amount of
private investment and nonprofit, philanthropic, and private
investors would be required to finance a recovery effort of this
unprecedented magnitude in California.
Now is the time to identify key shortfalls and develop
creative means of filling those financial gaps. A timely and
effective postdisaster recovery process depends, in great part,
on the resources available to a particular community, as well
as the creativity and resourcefulness of the State and local
governments, residents, and businesses to pursue new and
innovative funding resources beyond what the formal disaster
assistance programs can offer. The philanthropic community,
nongovernmental organizations, private nonprofit entities,
faith-based organizations, and community and corporate
foundations will be essential to providing both material and
financial assistance to individuals, families, community
organizations, and local governments, especially those that
currently have few resources or that have difficulty accessing
postdisaster resources.

32   The HayWired Earthquake Scenario—Societal Consequences
The HayWired scenario can be a useful resource for local,
regional, and State government agencies to use in assessing the
likely fiscal impacts of a major regionwide disaster; evaluating
what assistance is and is not available for key aspects of recovery;
developing and implementing action plans to enhance recovery
resources ahead of time; and ensuring that the necessary planning,
training, and staffing are in place to maximize opportunities for
assistance once disaster strikes (SPUR, 2013). This might include
working to increase the availability and uptake of insurance for
individuals, businesses, and institutions at all income levels and
seeking innovative ways to finance potential recovery needs, such
as public-private partnerships and special districts (for example,
infrastructure financing districts, community-based economic
development districts, and geologic hazard abatement districts).

to anticipate what may occur after a major earthquake in the San
Francisco Bay region. The analysis also highlights implications for
the recovery of other communities with physical and (or) social
vulnerabilities to earthquakes as well as other hazard types.
There are gaps in the research literature and the analytical
methods of this analysis that merit further attention as part of
future disaster research and study. There are also opportunities
to enhance and refine the analyses performed in this and other
parts of the HayWired scenario to improve our understanding
of the region’s potential long-term recovery challenges after a
major earthquake as well as the key opportunities for improving
community resilience before the next earthquake strikes.
Open research questions pertain to:
• Definition of concentrated damage that can have cascading
consequences for a community;

Conclusion

• Understanding preexisting conditions and decision-making
of affected populations;

Disaster impact analyses typically focus on direct damages,
injuries, and economic losses and do not account for the all the
social, financial, and political factors that also influence how
quickly and equitably different populations and communities are
able to recover or the long-term challenges that they are likely to
face. The communities-at-risk analysis of the HayWired scenario
considers spatial and temporal factors that past disasters have
shown to displace people and significantly impair long-term
community recovery.
New methodologies were developed to integrate analysis
of property damage (buildings and contents) caused by ground
shaking, liquefaction, landslides, and fires following the
Mw  7.0 mainshock of the HayWired scenario; identify areas of
concentrated damage; estimate the potential size and composition
of people and households at risk of displacement from building
damage, lifeline outages, and other influencing factors; and
identify areas that are likely to require governmental interventions
and replanning actions in order to recover.
In the 30 years since the 1989 Loma Prieta earthquake
struck the San Francisco Bay region, substantial investments have
been made in critical infrastructure upgrades as well as extensive
retrofitting of seismically vulnerable residential, commercial, and
public buildings. Nonetheless, this analysis reveals the significant
housing, infrastructure, social, and financial vulnerabilities to
a major earthquake that remain and are only likely to continue
to grow, unless fundamental shifts in the scale of attention and
investment given to reducing the region’s seismic risk are made.
The seven policy implications for improving community seismic
resilience in the San Francisco Bay region stem directly from
insights gained in this analysis of communities at risk.
The communities-at-risk analysis of the HayWired scenario
also provides an approach to expand thinking about population
displacement and long-term community recovery challenges
resulting from the cumulative effects of multiple hazards,
damages, and disruptions from a major earthquake striking the
San Francisco Bay region. This body of work relies heavily on
the experience and research resulting from past disasters in order

• Planning for shelters and receiving communities and
monitoring movements of evacuated and displaced
populations;
• Evaluating recovery funding needs, sources, and gaps;
• Representation of building repair times and community
recovery status over time; and
• Costs, benefits, and unintended consequences of
community land use policies, planning, and resilience
opportunities.
These research questions are fundamental to this study
and more broadly to other approaches that simulate community
recovery. We invite others to evaluate methodologies used in this
analysis for potential improvements to quantitative metrics and
models for long-term disaster recovery at a community scale. We
also hope this analysis encourages more in-depth evaluation of the
associated costs and benefits of the resilience opportunities (for
example, accelerated housing mitigation and building of more
housing) identified by this analysis, as well as ways to overcome
persistent barriers to adoption.
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Section A

Integrated Building Damages and Areas of Concentrated
Damage
Introduction
Past disasters have shown that the degree of physical
damages to housing and other structures is closely tied to the
degree and patterns of population displacement as well as the
ability of impacted communities, businesses, and residents to
recover (Comerio, 1998; Groen and Polivka, 2010; Esnard and
others, 2011; Peacock and others, 2014). Structures that sustain
high levels of damage are likely to be uninhabitable until repaired.
Past disasters have also shown that areas of spatially concentrated
building damage are likely to experience more extended and
complicated recovery trajectories (Olshansky and others, 2006;
Peacock and others, 2014).
A 2012 study by the San Francisco Bay Area Planning and
Urban Research Association (SPUR) looked at seven disaster
cases from around the United States and the world to understand
how the extent of housing damage affected the overall recovery
of impacted communities (SPUR, 2012). In these cases, the
percentage of uninhabitable housing units ranged from 1 to 50
percent in the affected areas and evidence showed that even
when the loss of housing units was as low as 5 to 10 percent, the
time to repair or rebuild uninhabitable housing units was long
and community recovery was impeded owing to population
outmigration, sometimes permanently, and accompanying social
and economic impacts.
In volume 2 of the HayWired earthquake scenario, building
damage caused by the earthquake hazards of ground shaking,
landslide, and liquefaction for the moment magnitude (Mw) 7.0
mainshock and aftershock sequence are analyzed by Seligson and
others (2018) using the Hazus-MH 2.1 loss-estimation software
and customized analyses; we refer to this collective work as the
Hazus analysis. The damage to buildings from post-earthquake
fires is analyzed by Scawthorn (2018). What is lacking is an
integrated view of building damage caused by the combined
effects of the earthquake hazards and fires or an indication of
where areas of concentrated damage are likely.
This foundational part of this analysis of communities at
risk presents the methodology developed to create an integrated
view of building damage owing to ground shaking, landslide,
liquefaction, and fires. Areas of concentrated building damage
are identified by mapping the census tracts that have 20 percent
or more of the total building square footage in an extensive or
complete damage state for eight different occupancy groupings.

Integration of Building Damage
Caused by Ground Shaking, Landslide,
Liquefaction, and Fire
A methodology using Ersi’s ArcGIS v. 10.4 software suite
and Microsoft Excel was developed that first combines the results
of the Hazus analysis of the Mw 7.0 mainshock of the HayWired
scenario for building damage caused by the earthquake hazards
of ground shaking, landslide, and liquefaction (see Seligson and
others, 2018, for methods and Seligson and Jones, 2019, for data)
with the damage to buildings from post-earthquake fires that
were analyzed separately (see Scawthorn, 2018, for methods and
Scawthorn, 2019, for data).

Earthquake Hazard Building Damage Data
(Without Fire)
The Hazus methodology makes assumptions about the level
of damage and the timeframes for the repair and return to function
for buildings in 33 occupancy classes (Federal Emergency
Management Agency, 2012). Hazus estimates building damages
in terms of five damage states: none, slight, moderate, extensive,
and complete. The slight and moderate damage states can be
associated with a “green tag” from a post-earthquake building
safety inspection, which, in most cases, would allow residents to
stay in their homes while repairs are completed. The extensive
damage state can be associated with a “yellow tag” from a postearthquake building safety inspection, which limits the building’s
use until repairs are completed. The complete damage state can
be associated with a “red tag” from a post-earthquake safety
inspection, which restricts all use of the building until repairs
are completed because it is unsafe to occupy. Hazus repair time
assumptions for the most common housing occupancy classes
(single-family, duplex, and multifamily homes) are shown in table
A1; repair times increase with damage state (or repair costs as a
percentage of the building replacement cost). These assumptions
are consistent with disaster data analyses by Comerio and Blecher
(2010), Peacock and others (2014), and Despotaki and others
(2017) that found that more heavily damaged buildings and
multifamily dwellings take longer to repair than less-damaged
buildings and single-family dwellings.
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Table A1. Hazus damage and repair-time assumptions for single-family, duplex, and
multifamily dwellings.
[Codes in parentheses are Hazus occupancy classes. Single-family and duplex dwellings are listed separately
since Hazus assigns the same repair cost ratios and recovery times to duplexes as it does to other multifamily
dwellings. Data from Federal Emergency Management Agency (2012)]

Hazus damage state
Slight
Moderate
Extensive
Complete
Structural and nonstructural repair cost ratios (percentage of building replacement cost)
Single family (RES1)
2
10
44.7
100
Duplex (RES3A)
2
10
41.3
100
Multifamily (RES3B–F)
2
10
41.3
100
Median time for building repair and return to function (number of days)
Single family (RES1)
2–5
30–120
90–360
180–720
Duplex (RES3A)
5–10
30–120
120–480
240–960
Multifamily (RES3B–F)
5–10
30–120
120–480
240–960
Residential dwelling type

Table A2. Residential and nonresidential building occupancy groupings created
from 33 Hazus occupancy classes (from Wein, Belzer, and others, this volume).
Building occupancy
groupings
Industrial/warehouse

Offices
Retail/commercial

Household serving

Agricultural uses
Single family/duplex

Multifamily

Group living

Hazus occupancy
Description
classification
Nonresidential
COM2
Warehouse
IND1
Industrial-Heavy
IND2
Industrial-Light
IND3
Industrial-Food/drugs/chemicals
IND4
Industrial-Metals/minerals processing
IND5
Industrial-High tech
IND6
Industrial-Construction
COM4
Professional/technical services
COM1
Retail trade
COM10
Parking
COM3
Personal and repair services
COM5
Banks
COM8
Entertainment and recreation
COM9
Theaters
RES4
Hotel/motel
COM6
Hospital
COM7
Medical office/clinic
EDU1
Grade schools
EDU2
Colleges/universities
GOV1
Government-General services
GOV2
Government-Emergency response
REL1
Church/nonprofit
AGR1
Agriculture
Residential
RES1
Single family
RES3A
Duplex
RES2
Mobile home
RES3B
Multifamily (3–4 units)
RES3C
Multifamily (5–9 units)
RES3D
Multifamily (10–19 units)
RES3E
Multifamily (20–49 units)
RES3F
Multifamily (50+ units)
RES5
Dormitories
RES6
Nursing home

Table A2 provides a mapping of the
Hazus occupancy classes to eight building
occupancy groupings that were developed
for the HayWired scenario spatial economic
analysis (Wein, Belzer, and others, this
volume). The three residential building
occupancy groupings are: single-family/
duplex dwellings, multifamily dwellings,
and group-living uses. Single family/duplex
dwellings include single-family homes,
mobile homes, and duplex housing that are
either owner or renter occupied. Multifamily
dwellings include structures with three or
more housing units and also can be owner or
renter occupied, such as apartment complexes
and condominiums. The five nonresidential
building occupancy groupings are: retail/
commercial, offices, industrial/warehouse,
household serving, and agricultural uses.
Analyses by Seligson and others (2018)
and Seligson and Jones (2019) use year
2000 U.S. Census tract boundaries. To align
Seligson and Jones’ (2019) results with
2010 census data, the year 2000 tract-based
damage results were converted into 2010
tract geographies. The conversion relied
on official census relation files to parse
the relations (Aksel Olsen, Association of
Bay Area Governments, written commun.,
2017). Housing units were used as weights
when disaggregating the Hazus data. For
example, where a 2000 tract was split
into two smaller 2010 tracts, the building
damages were distributed to the new tracts
in proportion to their housing count rather
than their share of the original tract area. This
method has benefits and drawbacks. It is more
accurate for housing but less representative of
the commercial distribution because housing
may be scarcer in commercial areas.
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Earthquake Hazard Plus Fire Building Damage
Data (With Fire)
The additional damage from fires following the earthquake,
estimated by Scawthorn (2018), was integrated with the
damages from the other earthquake hazards. All fire damage was
categorized as complete damage—to keep the total square footage
in the region unchanged, the additional square footage damaged
from fire was redistributed to the complete damage state for the
earthquake hazards from the other damage states. To do this, first
burned building square footage was converted from Voronoi areas5
to 2000 census tracts. The allocation of burned building square
footage to occupancy classes used the profile of burned buildings
from the Northridge earthquake (Scawthorn and others, 1996). The
“burned rubble” (potential double counting of losses for buildings
with both fire and other earthquake damage) was removed before
the complete fire damage state was integrated with the damage
states from the other earthquake hazards.
The notation used to describe the series of steps taken
to integrate earthquake damages with fire damages uses the
following definitions:
Vi
burned building square footage in Voronoi
area i
Dij
proportion of developed Voronoi area i in
census tract j
Bj, Bl
burned building square footage in census tract
j or l
Fj, Fl
proportion of regional burned building square
footage in census tract j or l
Pk
percentage of burned building square footage
in occupancy class k (see table A4)
Rk
regional sum of burned building square
footage in occupancy class k
Ojk, Olm
proportion of regional occupancy class k or l
in census tract j or m
Wjk
weight for distributing burned building square
footage in occupancy class k to census tract j
Ajk, Ajm
burned building square footage in occupancy
class k or m allocated to census tract j
Bjk
burned building square footage in occupancy
class k in census tract j
Ejks, Ejkt
earthquake hazard building square footage in
damage state s or t in occupancy class k in
census tract j
Ejm5
earthquake hazard building square footage in
damage state 5 (complete) in occupancy
class m in census tract j
Njk5
additional building square footage in damage
state 5 (complete) from fire in occupancy
class k in census tract j
Djks
integrated earthquake and fire building square
footage in damage state s in occupancy
class k in census tract j.
A Voronoi area is a polygon whose sides are equidistant between the point
the Voronoi area is centered around and any neighboring points—a line is drawn
between two points, the midpoint of that line is found, a perpendicular line is drawn
through that midpoint, and this is repeated for all neighboring points to complete a
Voronoi polygon for a specific point.
5

The calculations begin with converting the burned square
footage in Voronoi areas to a burned square footage in census
tracts by mapping the area classified as low, medium, or high
intensity developed land in the 2011 National Land Cover
Database (NLCD) (Homer and others, 2015) in each Voronoi area
of the Scawthorn analysis (Scawthorn, 2018). This was done by:
• Overlaying census tracts and calculating the proportion
of each Voronoi developed area that intersects with each
census tract,
• Assuming the burned buildings are uniformly distributed
in the developed area, and
• For each census tract, calculating burned building
square footage as the sum of the Voronoi developed area
proportions multiplied by Voronoi burned building square
footages, such that
B j   ( Dij  Vi )
		(1)
i

The burned building square footage in census tracts was
distributed to occupancy classes by creating a distribution of
burned buildings across occupancy classes in the San Francisco
Bay region. Table A3 shows the occupancy distribution of
building ignitions for fires following the 1994 Northridge
earthquake published in Scawthorn and others (1996), which
was used as a reference for the San Francisco Bay region
distribution (Scawthorn, 2018). Most of the fires after the
Northridge earthquake were confined to the buildings with
ignitions. In contrast, the HayWired fire following earthquake
analysis of ignitions, fire-fighting capacity, and water availability
results in fire spread. In the absence of results for burned square
footage of building occupancy classes, we used the Northridge
earthquake proportion of burned buildings in each occupancy
as the proportion of square footage burned in each occupancy.
This assumption means that fires disproportionately spread into
residential neighborhoods of single-family homes. The distribution
of burned square footage developed for the HayWired scenario
is shown in table A4. The “unknown” and “other” occupancies
from Scawthorn and others (1996) were applied to the Hazus
occupancies that were not referenced in their study.
Table A3. Distribution of burned buildings in the 1994 Northridge
earthquake, by building occupancy (adapted from Scawthorn and
others, 1996).
Occupancy
Single family/duplex
Multifamily
Office
Education
Restaurant
Commercial
Power production
Other
Unknown
Total

Number of
buildings
35
20
4
2
1
1
1
4
1
69

Percentage of
total buildings
51
29
6
3
1
1
1
6
1
100
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Therefore, the uncertain burned occupancy distribution
influenced, rather than determined, the allocations of burned
area in a census tract to building occupancy classes.
Finally, the burned building estimates were adjusted to
reduce double counting of structures that were destroyed by
other earthquake hazards. To do so, it was assumed that there
is independency between complete damage from earthquake
hazards and complete damage from fire because of fire spread.
Thus, the proportion of “burned rubble” in each occupancy
class represents the proportion of buildings that are completely
damaged by earthquake hazards multiplied by the proportion
of burned buildings in each occupancy class. The amount
is subtracted from the amount of previously calculated
burned occupancy square footage to yield the additional
square footage of complete damage from fire following the
earthquake.

Table A4. Distribution of burned buildings for the HayWired
earthquake scenario mainshock in the San Francisco Bay region,
California, by building occupancy.
Percentage of burned
building stock
8.70
0.34
5.92
28.99
50.72
0.75
2.90
0.26
1.37
0.06
0.00
100.00

Hazus occupancy
Retail/commercial
Government
Industrial
Multifamily
Single family
Religion
Education
Hotels
Dormitories
Nursing homes
Agriculture
Total

N jk 5

The allocation of burned square footage to census tracts and
occupancy classes was conducted in two steps. First, the regional
burned occupancy square footage of each occupancy class was
allocated across census tracts weighted by burned square footage
and occupancy square footage in the census tract. Regional burned
occupancy square footage was calculated as the percentage of
burned square footage in an occupancy class (table A4) multiplied
by the total burned square footage for each census tract:
Rk  Pk   B j
		(2)
j

For a census tract, the weight for burned square footage was calculated as the proportion of burned square footage in the census tract:

Bj

Fj 
		
(3)

B

Similarly, the census tract weight for occupancy class
square footage was calculated as the proportion of the regional
occupancy in the census tract. The allocation weight was
determined as a normalized product of the two proportions:

Fj  O jk

 (F  O
l ,m

l

lm

)

(4)

Subsequently, the allocation of the regional occupancy class
burned area to a census tract is:
Ajk = Rk × Wjk

(5)

Thus, the occupancy burned building area allocations to
census tracts were weighted by burned building area and
occupancy class building area in census tracts.
The second step adjusted these allocations back to the burned
area assigned to the census tract by rescaling as follows:

B jk  B j 







(7)

The additional complete damage from fire was transferred
from other damage states (none [1], slight [2], moderate [3],
and extensive [4]) in proportion to the amount of square
footage in each earthquake damage state in the census tract.
The integrated earthquake and fire building square footage
damage is:


E jks
D jks  E jks  N jk 5 
  E jkt
 t 5


 for s = 1, 2, 3, 4 damage states (8)




Djk5 = Ejk5 + Njk5 for s = 5 damage state

(9)

This procedure estimated that about 5 million square feet of
79 million square feet burned was already completely
damaged by the earthquake hazards.

l

l

W jk 


E jk 5  Ajk
 B jk 1 
  E jm 5   Ajm
m
m


Ajk

A
m

(6)
jm

Integrated Building Damage Results
Tables A5 and A6 show county-level total damages as
well as those buildings with extensive or complete damage
by building square footage and building count from ground
shaking, landslide, liquefaction, and fire from the Mw 7.0
mainshock of the HayWired scenario. Figure A1 shows the
county-level distribution of building counts with slight or
moderate damage and extensive or complete damage for both
residential and nonresidential occupancies. Around 11 percent
of the residential and 15 percent of the nonresidential damaged
building square footage for the 17-county region is in an
extensive or complete damage state. Nearly all the damage,
however, especially all the extensive and complete damage,
is concentrated in the nine counties bordering San Francisco
Bay. These are Alameda, Contra Costa, Marin, Napa, San
Francisco, San Mateo, Santa Clara, Solano, and Sonoma
Counties. Thus, emphasis is given within these studies of
communities at risk to the nine-county region.
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Table A5. Total undamaged and damaged building square footage by county for residential and nonresidential occupancy groupings
caused by ground shaking, landslide, liquefaction, and fire from the moment magnitude 7.0 mainshock of the HayWired scenario in the
San Francisco Bay region, California.
Residential building occupancy damages
County name

None

Slight, moderate,
extensive, or complete

Nonresidential building occupancy damages

Extensive or
complete

None

Slight, moderate,
extensive, or complete

Extensive or
complete

San Francisco Bay region counties
Alameda

776,608,819

634,721,112

136,399,814

56,714,274

301,196,666

91,199,812

Contra Costa

559,972,058

323,578,087

33,585,094

51,471,295

106,057,086

19,134,436

Marin

166,861,355

36,077,656

3,200,805

51,095,752

18,585,631

1,290,814

Napa

77,096,420

4,764,244

24,435

31,533,554

3,096,710

14,474

San Francisco

414,895,937

156,506,482

3,846,743

145,204,333

111,562,288

4,232,691

San Mateo

400,627,949

163,565,556

8,773,479

80,902,371

74,463,569

4,437,852

Santa Clara

890,063,720

427,911,954

21,097,150

159,315,268

214,066,490

13,336,359

Solano

209,901,136

32,461,025

3,778,764

45,676,816

9,890,530

662,878

Sonoma

287,154,722

5,304,866

114,275

94,575,948

3,349,919

25,203

3,783,182,116

1,784,890,982

210,820,559

716,489,611

842,268,889

134,334,519

Subtotal

Outlying counties
Merced

96,634,272

1,987,967

2,339

20,701,435

604,954

935

Monterey

197,113,918

4,472,112

5,153

71,620,273

2,873,385

5,069

Sacramento

679,996,024

3,771,034

4,016

208,572,586

1,623,393

1,380

San Benito

26,798,156

2,954,435

29,066

4,854,479

1,188,984

32,140

San Joaquin

278,649,337

32,866,145

105,256

67,263,254

12,136,661

61,247

Santa Cruz

154,579,774

15,628,071

57,256

47,110,347

6,834,010

35,127

Stanislaus

222,188,203

11,092,773

18,890

59,793,794

5,274,672

14,101

85,741,649

1,313,799

734

33,462,724

813,187

851

Subtotal

1,741,701,333

74,086,336

222,710

513,378,892

31,349,246

150,850

Region total

5,524,883,449

1,858,977,318

211,043,269

1,229,868,503

873,618,135

134,485,369

Yolo
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Table A6. Total number of undamaged and damaged buildings by county for residential and nonresidential occupancy groupings
caused by ground shaking, landslide, liquefaction, and fire from the moment magnitude 7.0 mainshock of the HayWired scenario in the
San Francisco Bay region, California.
Residential building occupancy damages
County name

None

Nonresidential building occupancy damages

Slight, moderate,
Extensive or
None
extensive, or complete
complete
San Francisco Bay region counties

Slight, moderate,
extensive, or complete

Extensive or
complete

Alameda

402,176

327,744

62,140

2,426

13,145

4,022

Contra Costa

316,488

180,036

15,913

2,494

4,998

894

Marin

90,850

19,340

1,553

2,471

886

56

Napa

44,054

2,677

15

1,402

136

1

San Francisco

162,907

59,405

1,295

6,981

5,285

188

San Mateo

215,236

86,675

4,369

3,601

3,235

185

Santa Clara

484,052

229,126

10,282

6,782

8,971

531

Solano

119,323

18,082

1,645

2,139

462

34

Sonoma

166,805

3,167

65

4,259

145

1

2,001,891

926,252

97,277

32,555

37,263

5,912

941

29

0

Subtotal

Outlying counties
Merced

56,426

1,254

2

Monterey

107,766

2,370

3

3,342

115

0

Sacramento

372,097

2,219

3

10,208

76

0

San Benito

16,179

1,780

12

248

60

2

San Joaquin

157,171

18,602

58

3,158

560

3

Santa Cruz

88,695

9,282

33

2,142

300

2

Stanislaus

129,128

6,506

11

2,771

233

1

45,185

675

0

1,412

35

0

972,647

42,688

122

24,222

1,408

8

2,974,538

968,940

97,399

56,777

38,671

5,920

Yolo
Subtotal
Region total
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A. Residential occupancies
Alameda County
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Extensive or complete damage

Napa County
San Francisco County
San Mateo County
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B. Non-residential occupancies
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Figure A1. Graphs showing the county-level distribution of buildings with slight or moderate damage and
extensive or complete damage for residential and nonresidential occupancy groupings for the HayWired
earthquake scenario in the San Francisco Bay region, California. The eight outlying counties refer to Merced,
Monterey, Sacramento, San Benito, San Joaquin, Santa Cruz, Stanislaus, and Yolo Counties. A, Residential
occupancy groupings (single family/duplex, multifamily, and group living uses). B, Nonresidential occupancy
groupings (industrial/warehouse, retail/commercial, office, household serving, and agricultural uses).

men20-7398_fig01
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For the nine-county region, 12 percent of the damaged
residential building square footage and 16 percent of the damaged
nonresidential building square footage is in an extensive or
complete damage state for the Mw 7.0 mainshock of the HayWired
scenario. The analysis also shows that building damage is greatest
in Alameda, Contra Costa, Santa Clara, San Mateo, and San
Francisco Counties, with damage most acute in Alameda County.
Eighteen percent of the total residential building square footage
and 25 percent of the total nonresidential building square footage
in Alameda County is in an extensive or complete damage state.
Table A7 provides a summary of damaged building
square footage and building counts for all five damage
states for each of the residential and nonresidential building
occupancy groupings. Nearly one million residential buildings
sustain some level of damage from the earthquake, of which
about 10 percent, or 97,397 buildings, are in an extensive
or complete damage state. Single-family/duplex dwellings
compose 84 percent of the total residential building square
footage, of which about one-third sustains some level of
building damage. Of the damaged single-family/duplex
dwellings, 90 percent, or 839,316 buildings, are in a slight to
moderate damage state and 10 percent, or 89,812 buildings,
are in an extensive to complete damage state. Multifamily
dwellings and group-living uses make up about 16 percent
of the total residential building square footage, of which

about 40 percent sustain some level of building damage. Of
the damaged multifamily dwellings and group-living uses,
80 percent, or 39,812 buildings, are in a slight to moderate
damage state and 20 percent, or 7,586 buildings, are in an
extensive or complete damage state. Thus, multifamily
dwellings and group-living uses sustain proportionally higher
damage levels than single-family/duplex dwellings in the
HayWired scenario.
Nearly 39,000 nonresidential buildings sustain some
level of damage from the Mw 7.0 mainshock of the HayWired
scenario, of which about 15 percent, or 5,920 buildings, are
in an extensive or complete damage state. Retail/commercial
occupancies represent 35 percent of the total nonresidential
building square footage, of which 38 percent sustains some
level of building damage. Industrial/warehouse occupancies
represent 29 percent of the total nonresidential building
square footage, of which 47 percent sustains some level of
building damage. Offices and household-serving occupancies
also represent significant portions of the total nonresidential
building square footage (22 and 12 percent, respectively)
that also sustain high levels of building damage (44 and 38
percent, respectively). Of the damaged nonresidential building
square footage, all of the nonresidential occupancies have
more than 10 percent of buildings in an extensive or complete
damage state.

Table A7. Damage distribution for residential and nonresidential occupancy groupings in terms of building square footage and building counts
caused by ground shaking, landslide, liquefaction, and fires from the moment magnitude 7.0 mainshock of the HayWired scenario in the San Francisco
Bay region, California.
[ft2, square feet]

Hazus damage state
Occupancy grouping

Total
exposure

None

Slight

Moderate

Extensive

Complete

Residential occupancy groupings
Single family/duplex (ft2)
4,634,481,745 3,133,607,453
984,293,986 372,454,614 80,921,045 63,204,647
Single family/duplex (number)
2,875,553
1,946,425
608,387
230,929
50,225
39,587
Multifamily (ft2)
769,783,442
449,124,980
170,213,623 89,744,057 25,678,403 35,022,379
Multifamily (number)
94,159
55,845
20,529
10,448
2,931
4,406
Group living (ft2)
120,618,262
83,173,698
20,510,257 10,717,512
3,089,245
3,127,550
Group living (number)
4,825
3,327
820
429
124
125
Subtotal (ft2)
5,524,883,449 3,665,906,131 1,175,017,866 472,916,183 109,688,693 101,354,576
Subtotal (number)
2,974,537
2,005,597
629,736
241,806
53,279
44,118
Nonresidential occupancy groupings
Retail/commercial (ft2)
739,636,465
457,940,955
152,650,778 85,756,140 25,569,972 17,718,620
Retail/commercial (number)
51,124
31,049
10,891
6,157
1,863
1,164
Offices (ft2)
472,023,992
266,520,014
114,901,530 64,512,599 16,901,404
9,188,445
Offices (number)
5,900
3,332
1,436
806
211
115
Industrial/warehouse (ft2)
608,072,797
322,324,688
142,518,490 94,012,681 29,526,041 19,690,897
Industrial/warehouse (number)
19,316
10,263
4,513
2,975
939
626
Household serving (ft2)
248,803,733
155,588,546
50,503,418 27,565,628
7,822,383
7,323,758
Household serving (number)
17,943
11,217
3,708
2,040
569
408
Agricultural uses (ft2)
34,949,651
27,494,300
4,768,876
1,942,626
486,797
257,052
Agricultural uses (number)
1,165
916
159
65
16
9
Subtotal (ft2)
2,103,486,638 1,229,868,503
465,343,092 273,789,674 80,306,597 54,178,772
Subtotal (number)
95,448
56,777
20,707
12,044
3,598
2,321

Slight, moderate,
Extensive or
extensive, or
complete
complete
1,500,874,292 144,125,692
929,128
89,812
320,658,462 60,700,782
38,314
7,337
37,444,564
6,216,795
1,498
249
1,858,977,318 211,043,269
968,940
97,397
281,695,510 43,288,592
20,075
3,027
205,503,978 26,089,849
2,569
326
285,748,109 49,216,938
9,053
1,565
93,215,187 15,146,141
6,725
977
7,455,351
743,849
249
25
873,618,135 134,485,369
38,671
5,920
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Areas of Concentrated Damage
Groen and Polivka’s (2010) study of post-Hurricane Katrina
population displacement and return defined high-damage areas
as those with at least 20 percent of housing units classified as
severely damaged. They found that population return in these
areas in the first 13 months after the storm was profoundly lower
than in less-damaged areas. Unfortunately, their study did not
extend further in time. After the 1994 Northridge earthquake, the
City of Los Angeles Housing Department (LAHD) identified
17 neighborhoods where the concentrations of housing damage
resulted in high levels of resident displacement, blight, and crime
and required targeted housing recovery strategies (LAHD, 1995).
Each of the 17 neighborhoods were located in one of the 38
census tracts that was identified as having more than 100 vacated
apartment housing units and in which more than 60 percent of the
housing units were either heavily damaged or destroyed.
Discussions with disaster recovery experts suggest that
the actual point at which spatial concentrations of housing
and building damage can lead to systemic and cascading
consequences, as defined by Alesch and others (2009), is much
lower than 60 percent and more likely to be closer to 20 percent or
even lower (Mary Comerio, University of California at Berkeley,
written commun., 2015; Ann-Margaret Esnard, Georgia State
University, written commun., 2015).
A threshold of 20 percent was therefore selected to identify
areas where there were concentrations of building damage in an
extensive or complete damage state, and thus deemed uninhabitable
until necessary repairs or rebuilding are completed (mapped as
orange or red in figures A2–A10). Maps were prepared for each
building occupancy grouping and for the combined regional total to
show the distribution of building damage.
The mapping of the damage concentrations was constrained
to developed areas because some census tracts are expansive and
include large areas of undeveloped land; however, buildings are
mostly located in developed areas. The boundaries of developed
areas (not including developed open space) were created using the
2011 National Land Cover Database (Homer and others, 2015)
and then used to clip out the undeveloped areas of the census
tracts. This is the same layer that was used to constrain landslide
building damage results and fire damage results to developed areas
(in Seligson and others, 2018, and above).

Figures A2–A10 show the percentages of the total building
square footage in either an extensive or complete damage state
from the Mw 7.0 mainshock of the HayWired scenario for the
following building occupancy groupings:
• Figure A2—All occupancies combined
• Figure A3—Multifamily dwellings
• Figure A4—Single-family and duplex dwellings
• Figure A5—Group-living uses
• Figure A6—Household-serving buildings
• Figure A7—Retail and commercial buildings
• Figure A8—Offices
• Figure A9—Industrial and warehouse buildings, and
• Figure A10—Agricultural uses.
In each figure, the left panel shows the percentages of total
building square footage in either an extensive or complete
damage state from shaking, landslide, and liquefaction only
(without fire). The right panel shows the percentages of total
building square footage in either an extensive or complete
damage state from shaking, landslide, liquefaction, and fire
(with fire). The building occupancy exposure data used to
create these figures is available in Jones and others (2020).
The orange- and red-colored tracts are the areas where
20 percent or more of the total building square footage is in
an extensive or complete damage state—and, therefore, define
areas of concentrated damage. All these maps show similar
patterns of concentrated building damage in the urbanized
portion of the entire east bay corridor; in the Santa Clara, San
Ramon, Livermore, and other inland valley areas; and in flat
lands surrounding San Francisco Bay. Some areas, such as
central Hayward, sustain very high concentrations of damage
across multiple occupancy groupings. The maps also show
the expanded and intensified levels of concentrated building
damage that result from fire. Table A8 lists the number of
census tracts in the nine-county region that have concentrated
damage for each of the nine building occupancy groupings
(with and without fire).

Table A8. Number of census tracts in the nine-county San Francisco Bay region, California, that have concentrated damage resulting
from the HayWired earthquake scenario mainshock for each building occupancy groupings (both with and without fire).
Percentage of
total buildings
damaged

All

Industrial/
warehouse

Less than 20
20 to 60
More than 60

1,414
173
1

1,288
248
52

Less than 20
20 to 60
More than 60

1,473
115
0

1,296
242
50

Nonresidential
Residential
Retail/
Household
Agricultural
Single family/
MultiOffices
commercial
serving
uses
duplex
family
All hazards (ground shaking, landslides, liquefaction, and fire)
1,332
1,321
1,315
1,446
1,503
1,252
244
254
258
137
85
316
12
13
15
5
0
20
Earthquake hazards only (no fire)
1,339
1,330
1,350
1,446
1,548
1,352
237
246
230
137
40
234
12
12
8
5
0
2

Groupliving uses
1,353
227
8
1,386
196
6
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In the areas of concentrated damage for all occupancies
combined, shown in figure A2A, there are 115 census tracts
(or roughly about 7 percent of the 1,588 tracts in the ninecounty region) that have concentrated building damage from

"

122°30’

"

A

earthquake hazards; these are primarily located in Alameda
and Contra Costa Counties. If fire damage is included
(fig.  A2B), the area expands to 174 census tracts (or 11
percent of the total tracts in the nine-county region) and also
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Figure A2. Maps of the San Francisco Bay region, California, showing census tracts with concentrations of building damage
for all building occupancies (that is, the total building stock) in the HayWired earthquake scenario mainshock. A, Shaking,
landslide, and liquefaction hazards only (without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
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includes small portions of Solano and Marin Counties. The
concentrated-damage tracts are mainly in the east bay corridor
from Point Pinole in the north to Fremont in the south, with
additional areas in the San Ramon Valley, Vallejo, and Novato.
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The areas of concentrated building damage for
multifamily dwellings, shown in figure A3, follows a similar
pattern in the east bay corridor, but covers 236 census tracts
(or 15 percent of the total tracts in the nine-county region)
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Figure A3. Maps of the San Francisco Bay region, California, showing census tracts with concentrations
of building damage for multifamily dwellings (for example, three or more housing units per structure) in the
HayWired earthquake scenario mainshock. A, Shaking, landslide, and liquefaction hazards only (without fire).
B, Shaking, landslide, liquefaction, and fire hazards (with fire).
men20-7398_fig03a
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Figure A3.—Continued

with concentrated building damage from earthquake
hazards (fig. A3A). The area expands to 336 census tracts
(21 percent of the total tracts) if fire damage is included
(fig.  A3B). The area of concentrated damage for singlefamily/duplex dwellings, shown in figure A4, also has
the same general pattern, but only covers 40 census tracts
(or 3 percent of the total tracts) for earthquake hazards
(fig.  A4A), and 85 census tracts (5 percent of the total
tracts) with fire damage included (fig. A4B). Concentrated
damage to group-living uses, shown in figure A5,
also follows the same general pattern as the areas of
concentrated damage for multifamily and single-family/
duplex dwellings, but represents only a very small share
of residential square footage.
men20-7398_fig03b

Figures A6 and A7 show the areas of concentrated
damage for household-serving and retail and commercial uses,
respectively. Old business districts with highly vulnerable
buildings in the east bay corridor from Crockett in the north to
Fremont in the south, as well as business districts in Walnut Creek,
San Ramon, Dublin, Pleasanton, and Livermore sustain heavy
damage. A few building occupancy groupings do have expanded
patterns of concentrated damage, notably household-serving
uses (fig. A6) and industrial/warehouse uses (fig. A9). Industrial/
warehouse, retail/commercial, and multifamily dwellings account
for the most significant damage concentrations from all hazards.
Office and single-family/duplex structures generally sustain lower
levels of damage than the other uses but may still be affected by
their location in neighborhoods of more vulnerable buildings.
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Figure A4. Maps of the San Francisco Bay region, California, showing census tracts with
concentrations of building damage for single-family and duplex dwellings in the HayWired earthquake
scenario mainshock. A, Shaking, landslide, and liquefaction hazards only (without fire). B, Shaking,
landslide, liquefaction, and fire hazards (with fire).
men20-7398_fig04a
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Figure A4.—Continued
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Figure A5. Maps of the San Francisco Bay region, California, showing census tracts with concentrations
of building damage for group-living uses (for example, dormitories, nursing homes, and jails) in the HayWired
earthquake scenario mainshock in the San Francisco Bay region, California. A, Shaking, landslide, and
liquefaction hazards only (without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
men20-7398_fig05a

Chapter U. Analysis of Communities at Risk in the HayWired Scenario   57

B

"

122°30’

"

SONOMA

101

NAPA

122°

80
SOLANO
"

"

Novato

Vallejo

San Pablo
Bay

MARIN

Pittsburg
"

San Rafael

38°

"

Richmond

"

Concord

"

Antioch

"

CONTRA COSTA
Walnut Creek

"

Berkeley

"

680
"

"

SAN FRANCISCO

Oakland

Alameda

580
"

Daly City

San Leandro

"

"

Livermore

"
"

South San Francisco

Pleasanton

San Francisco Bay

"

Hayward
"

PACIFIC OCEAN

Union City
San Mateo

ALAMEDA

"

Fremont

Redwood City

37°30’

"

"

SAN MATEO

280

"

Mountain View

Sunnyvale

"

Palo Alto

"

Milpitas
SANTA CLARA

"
"

Map
area

CALIF.

Santa Clara
Cupertino "

San Jose
"

101
0
0

Figure A5.—Continued
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Figure A6. Maps of the San Francisco Bay region, California, showing census tracts with
concentrations of damage to household-serving uses (for example, hospitals, schools, and places
of worship) in the HayWired earthquake scenario mainshock. A, Shaking, landslide, and liquefaction
hazards only (without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
men20-7398_fig06a
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Figure A6.—Continued
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Figure A7. Maps of the San Francisco Bay region, California, showing census tracts with concentrations
of building damage to retail and commercial uses (for example, hotels, retail trade, banks, entertainment
and recreation, and parking) in the HayWired earthquake scenario mainshock. A, Shaking, landslide, and
liquefaction hazards only (without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
men20-7398_fig07a
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Figure A7.—Continued
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Figure A8. Maps of the San Francisco Bay region, California, showing census tracts with
concentrations of building damage to office uses (for example, professional and technical services)
in the HayWired earthquake scenario mainshock. A, Shaking, landslide, and liquefaction hazards only
(without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
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Figure A9. Maps of the San Francisco Bay region, California, showing census tracts with concentrations of building
damage to industrial and warehouse uses (for example, heavy and light industrial uses; food, drug, chemical, or
metal processing; high technology; and construction) in the HayWired earthquake scenario mainshock. A, Shaking,
landslide, and liquefaction hazards only (without fire). B, Shaking, landslide, liquefaction, and fire hazards (with fire).
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Figure A10. Maps of the San Francisco Bay region, California, showing census tracts with
concentrations of damage for agricultural uses in the HayWired earthquake scenario mainshock.
A, Shaking, landslide, and liquefaction hazards only (without fire). B, Shaking, landslide,
liquefaction, and fire hazards (with fire).
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Discussion
Past disasters have shown that the degree and pattern of
physical damages to housing and other structures is a strong
indicator of the potential population at risk of displacement as
well as potential long-term community recovery challenges.
Although scenario studies generally contain different hazard
analyses, seldom are they mathematically combined to provide
an integrated view of the spatial extent and concentration of
damage caused by different hazards, such as ground shaking
and post-earthquake fires.
This section provides a detailed description of the
methodology developed to create an integrated view of building
damage owing to ground shaking, landslide, liquefaction, and
fires from the HayWired earthquake scenario. The methodology
integrates the damage state information for eight different
building occupancy groupings that were developed for the
HayWired scenario spatial economic analysis. The profile of
burned buildings after the Northridge earthquake was used to
allocate burned building square footage to different building
occupancy classes and the burned building estimates were
adjusted to reduce double counting of structures that were
destroyed by other earthquake hazards.
The integration of building damage caused by ground
shaking, landslide, liquefaction, and fires results in an estimated
$74 billion in cumulative property damage for the mainshock
of the HayWired scenario, with damage to 1 million residential
(containing 1.37 million housing units) and nearly 39,000
nonresidential buildings. It also shows that around 11 percent
of the residential and 15 percent of the nonresidential damaged
building square footage of the 17-county region is in an extensive
or complete damage state, and thus deemed uninhabitable until
necessary repairs or rebuilding are completed. Nearly all the
damage, especially all the extensive and complete damage, is
concentrated in the nine counties that border San Francisco Bay.
The building damage is greatest in Alameda, Contra Costa, Santa
Clara, San Mateo, and San Francisco Counties, with damage most
acute in Alameda County.
Supplementing limited disaster data with expert opinion, a
threshold of 20 percent or more of the total building square footage
in an extensive or complete damage state is used to identify areas
of concentrated building damage. Census tracts with 20 percent
or more of the total building square footage in an extensive
or complete damage state are mapped for all eight building
occupancy groupings. The mapping of damage concentrations is
constrained to the developed areas of the census tracts.
For all occupancies combined, the areas of concentrated
damage are in 174 census tracts (or about 11 percent of the
1,588 tracts in the nine-county region). A consistent pattern
of concentrated damage for residential and nonresidential
occupancies occurs in the urbanized parts of Alameda County and
western Contra Costa County, the Novato area of Marin County,
and the Vallejo area of Solano County.
Development of this integrated view of property damage
and areas of concentrated damage are foundational steps in
understanding which people and places are most vulnerable to

long-term community recovery challenges in the HayWired
scenario, as discussed in this chapter and accompanying sections.
These methodologies can also be applied in future scenario studies
for earthquakes as well as other hazards.
Assumptions and approaches taken in development of the
integrated view of property damage and areas of concentrated
damage are drawn from past disaster experiences and expert
judgment. More systematic, neighborhood-level postdisaster
damage data collection and longitudinal study is needed to
refine the 20-percent-damage threshold used to identify areas
of concentrated damage and to further understand the tipping
points at which spatial concentrations of housing and other
types of building damage can lead to systemic and cascading
consequences, such as population displacement and community
recovery challenges.
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Section B

Population Movements and Vulnerabilities
Introduction
“Exposure to a disaster is among the most complex
environmental contributors to poor health that individuals and
communities may face” (Abramson and others, 2015, p. 3). In
large-scale disasters, individuals and communities can face an
“exposure continuum”—an ongoing exposure to hazards and
adverse consequences that can unfold over an extended period
of time and cascade through communities (Abramson and
others, 2015, p. 3). When the uncertainty and risks associated
with these exposures are high, individuals and disaster
managers may engage in voluntary or forced movements
of individuals and communities away from an endangered
area. These movements also can happen over time, in what
Sorensen and Sorensen (2007, p. 183) and Esnard and Sapat
(2014, p. 19) refer to as an “evacuation continuum,” which
encompasses myriad voluntary or forced movements of people
and communities following disasters.
In both the disaster research and emergency planning
fields, the term “evacuation” is most commonly used to
describe the movement of people in advance of a threat or
hazard incident, or soon after an incident occurs in response
to the primary or secondary effects of the incident. Typically,
evacuations last a few days to weeks, but may be longer if
evacuees lose access to their communities and housing.
The term “displacement” is increasingly used to
describe the long-term and potentially permanent dislocation,
relocation, migration, and resettlement of people—forced
or voluntary—in response to physical, economic, or
environmental danger or harm (Oliver-Smith, 2009).
Population displacement is “both an outcome and cause of
vulnerability” (Esnard and others, 2011, p. 853). Hazard
vulnerability science emphasizes the various ways in which
people are vulnerable to the physical impacts of natural
hazards and have unequal social capacities to anticipate and
respond to them (Elliott, 2014). Thus, predisaster social
vulnerability and inequality can increase the likelihood of
forced evacuations and permanent displacement for some
people; disaster-related damage and disruptions in social and
economic services and postdisaster policies and governance
processes can also exacerbate these outcomes (Fothergill
and Peek, 2015; Johnson and Olshansky, 2017; Kroll-Smith,
2018). Population inmigration is also a factor in postdisaster
recovery as new people decide to move to the impacted region
for jobs and other opportunities that arise in the postdisaster
period (Fussell, 2015).
Much of what is known about the causes of mass population
movements has come from outside the field of disaster research,
and outside the United States (Oliver-Smith, 2009); but this is

changing. Between 2008 and 2013, 150 million people were
displaced worldwide following natural disasters, which is believed
to be twice as many people as in the 1970s, with much of that
growth attributed to increased urbanization in high-risk areas of
developing countries (Eastern Kentucky University, 2014). In the
United States, disaster research has mainly focused on short-term,
localized population displacements and resulting applications in
disaster-related planning and policies for evacuations, emergency
and temporary sheltering, and population care; much less is known
and data is lacking on long-term displacement and inmigration
(Esnard and Sapat, 2014; Fussell, 2015).
Combining U.S. Census data on households and the data
from thousands of recorded natural hazards during the late 1990s,
Elliott (2014) completed a nationwide, locally comparative
analysis of the influence of natural hazard disasters, in various
forms, to residential mobility and, thus, population redistribution in
society as a whole. It considered both the population displacement
as well as inmigration that can follow a disaster and showed that
natural hazards do increase household mobility, locally and to
more distant places, and that hazard-related property damage—
more than hazard frequency—is the strongest, most consistent
contributor to such heightened mobility (Elliott, 2014). The results
also indicated that high rates of homeownership reduced mobility
regardless of race; however, because racial and ethnic minorities
are less likely to own housing, they also tend to be among the
most mobile postdisaster households. Finally, results indicate that
inmigration, as well as outmigration, correlates positively with
local hazard-related property damage and that the migratory pull
is particularly strong among Asians and Latinos. Areas of spatially
concentrated building damage can experience even higher rates of
population displacement and slower rates of return than areas of
less-concentrated damage (Olshansky and others, 2006; Groen and
Polivka, 2010; Peacock and others, 2014).
Research on large-scale disasters that have displaced people
from their homes and communities for extended periods of time
have also shown that displacement is “a process that derives
from preexisting and shifting physical and socioeconomic
vulnerabilities and societal problems that are exacerbated after
a disaster” (Esnard and Sapat 2014, p. 64). The preexisting and
shifting physical and socioeconomic vulnerabilities include
the poor, elderly and physically challenged, people lacking
social ties, institutionalized persons, children, renters, and those
inhabiting substandard housing and living in hazard-prone areas.
The societal problems include racial and ethnic biases, lack of
social cohesion and social capital, and inequitable policies and
politics both pre- and postdisaster (Bolin, 2007; Weber and Peek,
2012; Esnard and Sapat, 2014; Kroll-Smith, 2018). Table B1
provides a brief examination of some postdisaster displacement
experiences in the United States, and other industrialized
countries like Japan and New Zealand.
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Table B1.

Postdisaster population displacement examples.

[Mw, moment magnitude; FEMA, Federal Emergency Management Agency; SPUR, San Francisco Bay Area Planning and Urban Research Association]

Disaster event
1906 San Francisco earthquake
and fire, northern California

1989 Mw 6.9 Loma Prieta
earthquake, northern
California

1994 Mw 6.7 Northridge
earthquake, southern
California

1995 Mw 6.7 earthquake, Kobe,
Japan

2005 Hurricane Katrina,
Louisiana, Mississippi and
Alabama Gulf Coast

2011 Mw 6.3 earthquake, City of
Christchurch and Canterbury
region, New Zealand

Description of displacement
A combination of trains, ferries, and naval ships helped to evacuate more than 300,000 of San Francisco’s
410,000 residents to other cities in the region. This helped to spawn, in part, the growth and
establishment of new communities in Berkeley and elsewhere in the east bay and on the San Francisco
Peninsula. Overtly racist and discriminatory acts after the earthquake also displaced Chinese and other
Asian residents of San Francisco. (Sources: Kroll-Smith, 2018; The Virtual Museum of the City of San
Francisco, 2018.)
Heavy damage in parts of San Francisco, Oakland, Santa Cruz, Watsonville, and the Santa Cruz
Mountains displaced residents for months to years. More than 1,000 residents left the Santa Cruz
and Watsonville area, including a disproportionately high number of Hispanics and migrant workers;
Oakland reported 2,500 new homeless people and similar numbers are assumed for San Francisco.
In some cases, this displacement had long-term effects on neighborhood-serving businesses, local
economies, and local government finances. (Sources: Comerio, 1998; Johnson, 1999; SPUR, 2012.)
Some of the hardest hit neighborhoods in Los Angeles had large concentrations of damaged multifamily
rental housing, many of which became known as “ghost towns” because of the major outmigration of
residents soon after the earthquake. These areas required sustained intervention and support by the City
of Los Angeles to secure, repair, and reconstruct damaged properties. It is important to note that the city’s
outmigration was minimal; most people rehoused in vacant units, given the city’s high (9.3 percent)
vacancy rate at the time of the earthquake. (Sources: Comerio, 1998; Olshansky and others, 2006.)
Approximately 15 percent of the housing units in the City of Kobe were destroyed by earthquake shaking,
ground failure, and fires, leading the population to decline by nearly 100,000 (a drop of more than
6.3 percent). It took 11 years for the city to return to its pre-earthquake population, but the population
distribution and resettlement patterns are significantly different from before the earthquake. (Sources:
Olshansky and others, 2005; City of Kobe, 2014; Johnson and Olshansky, 2017.)
Millions of people evacuated ahead of Hurricane Katrina’s landfall and following widespread flooding
and devastation. Many people were able to return to their communities within days after the storm
passed and roadways were cleared of debris. However, for those who resided in low-lying coastal
areas and in the City of New Orleans, it took months to years to return and restore their homes and
communities. In total, FEMA assisted 1.07 million individuals and households with housing- and
disaster-related expenses and the applications came from every state, the District of Columbia, and
Puerto Rico. Many displaced residents, especially African Americans, people of low socioeconomic
status and with disabilities, the elderly, families with school-age children, and those who had lived in
the most hard-hit communities, never returned. (Sources: Ericson and others, 2005; Plyer and Ortiz,
2011; FEMA, 2015; The Data Center, 2019.)
An estimated 55,000 to 70,000 people, or approximately 12 to 15 percent of the region’s 464,000
residents, initially left because of uninhabitable homes, lack of basic services, and continuing
aftershocks. Four months after the earthquake, there was an estimated net loss of 8,900 residents;
women and families with young children made up a significant portion of the loss. A series of
damaging aftershocks, widespread damage to the Christchurch central business district and residential
neighborhoods in the eastern and northern suburbs, and government policies limiting access and
offering voluntary buyouts in areas of severe ground failure resulted in waves of business and
residential displacement and relocation for the first five years after the earthquake. (Sources: Newell
and others, 2012; McSaveney, 2013; Johnson and Olshansky, 2017.)

Hurricane Katrina, in particular, brought to light the
potential for a large-scale and lengthy postdisaster population
displacement in the United States and the disproportionate
effects on physically and socioeconomically vulnerable
populations and communities (Olshansky and Johnson,
2010; Weber and Peek, 2012; Xiao and Nilawar, 2013;
Sastry and Gregory, 2014; Fussell, 2015). The rather swift
and far-flung displacement of hundreds of thousands of
individuals and families to communities across the country

was an unprecedented event in America, and it had long-term
recovery implications for New Orleans and other hard-hit
communities; see sidebar 1.
This part of the analysis of communities at risk focuses on
the people and households that could face long-term displacement
and community recovery challenges in a major earthquake, like
the HayWired scenario. We first consider the potential size of
the population that is at risk of displacement and then explore a
series of socioeconomic vulnerabilities and attributes that could
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Sidebar 1—Population Displacement from the City of New Orleans, Louisiana,
after Hurricane Katrina
More than 90 percent of the City of New Orleans’ estimated
455,000 residents evacuated ahead of Hurricane Katrina’s onset
or during the subsequent flooding that destroyed more than 80
percent of all the buildings in the city (City of New Orleans,
2007). In the poststorm days, as flood waters filled the city, the
Federal Government helped to commission military, commercial,
and private planes as well as buses to evacuate remaining residents
to shelters across the country. Applications for Hurricane Katrinarelated disaster assistance came from every state in the country, but
the greatest numbers were in less-impacted areas of Louisiana and
nearby Texas (Ericson and others, 2005).
About three of every four habitable units in the city were
either damaged or destroyed, including nearly all the low- and
moderate-income housing (City of New Orleans, 2007). It took
nearly two months to “dewater” most of New Orleans, but half
of the city’s households were still without power and the city was
nearly empty, with the exception of the higher elevation areas
along the Mississippi River (Olshansky and Johnson, 2010).
The city’s tax base was instantly ruined by the population loss
and loss of tourism-based revenue. The city laid off half of its work
force within weeks and the extended closure of damaged businesses,
schools, and hospitals and economic downturn also led to significant
job losses and displacement (City of New Orleans, 2007).
The National Flood Insurance Program and private insurers
covered a large proportion of the housing recovery costs (City
of New Orleans, 2007). But, to help fill the gaps, the State of
Louisiana launched the “Road Home” homeowner and rental
repair programs that included an option for owners to sell their
homes to the State; 7,000 New Orleans homeowners chose
this option (Johnson and Olshansky, 2017). The city and U.S.
Department of Housing and Urban Development (HUD)
designated almost 5,000 public housing units for demolition
and mixed-use redevelopment under the HUD HOPE-VI
program (Olshansky and Johnson, 2010). These policies added
considerable strain onto the already depleted housing market,
particularly the rental market, which had composed half of the
city’s pre-storm housing stock; private market rentals increased
by 45 percent over pre-storm values by summer 2007 (Liu and
Plyer, 2008). New Orleans experienced a housing supply shock
and an increase in average housing prices during the first years
of the recovery (Husby and Koks, 2017). Slow rates of housing
recovery in those early years were caused by delays in Road
Home funding, loans, or insurance settlements; lack of affordable
options; lack of reliable utility services; uncertainty about
neighbors’ decisions to return; and concern about future flood
risk (City of New Orleans, 2007).
As a result, the city’s population was slow to return in the
first five years but return rates did improve in the second five
years. The 2015 population was estimated to be 390,711—or 80
percent of the city’s pre-storm population (U.S. Census Bureau,
2018). However, a proportion of that population gain came from

new residents, not returning residents. Many displaced residents,
particularly the elderly, African-Americans, single mothers,
persons with disabilities, low-income workers, former residents
of rental and public housing, and those who had lived in the most
hard-hit neighborhoods or had school-age children, had lower
return rates than other cohorts (Plyer and Ortiz, 2011). Several
post-Katrina studies also showed that postdisaster recovery
policies, such as the destruction of public housing and the overhaul
of the New Orleans public school system actively worked to keep
some residents away (Fussell, 2015; Lincove and others, 2017).
More in-depth neighborhood-level analyses showed that more
than half (40) of New Orleans’ 72 neighborhoods recovered more
than 90 percent of their pre-Katrina population by 2015 (The Data
Center, 2018). However, of the 32 neighborhoods that had not,
four had less than half the population they had prior to Hurricane
Katrina, including the heavily damaged Lower Ninth Ward and
three communities where public housing was being redeveloped
into mixed-income housing developments.

Evacuees at New Orleans International Airport, September 1,
2005. Photograph courtesy of Michael Reiger, Federal Emergency
Management Agency.
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contribute to postdisaster population displacement and people’s
ability to return. We also look at issues related to emergency
sheltering and interim (or temporary) housing that may impact
displacement, as well as the potential issues influencing population
return. The analyses rely on data available from the 2010 census,
2017 population and housing units estimates, and 2014 and 2016
5-year American Community Survey (ACS) data (U.S. Census
Bureau, 2018). Estimates generated by the Hazus-MH 2.1 lossestimation software are derived from 2000 census data.

Estimating Populations at Risk of
Displacement in the HayWired Scenario
As Esnard and Sapat (2014) describe, a large shock, such
as a moment magnitude (Mw) 7.0 earthquake on the Hayward
Fault, can induce myriad voluntary or forced movements of
people and communities over time. This section examines the
number and composition of people and households that could be
displaced as a result of key physical impacts of the HayWired
earthquake scenario.
Three different approaches are taken for this examination.
The first looks at the household displacement estimates developed
by Seligson and others (2018) using a customized analysis
completed with the Hazus-MH 2.1 loss-estimation software
(hereafter referred to as Hazus). Since their analysis did not
account for potential population impacts caused by landslides
and fires, our second analysis uses the integrated building
damage data from ground shaking, liquefaction, landslides, and
fires from the Mw 7.0 mainshock of the HayWired scenario to
estimate potential household displacement. The third analysis
looks at the population in the areas of concentrated damage
and the effects that concentrated building damage can have on
potential population displacement. Because damages are spatially
concentrated in Alameda, Contra Costa, Marin, and Solano
Counties, parts of these counties were also divided into economic
subareas to provide some geographic context for the damage
concentrations (Wein, Belzer, and others, this volume); we use
the same subarea divisions in this analysis so the results from our
analysis can be reviewed in context with Wein, Belzer, and others’
results and vice versa.

Hazus-Derived Estimates
Seligson and others (2018) used Hazus to estimate the
number of households displaced because of building damage
and the number of people requiring publicly provided shortterm shelter for both the Mw 7.0 mainshock and the aftershock
sequence of the HayWired scenario. The aftershock sequence
includes 175 Mw 4.0 or larger earthquakes and 16 Mw 5.0 or
larger earthquakes over a two-year period (Wein and others,
2017). The four largest aftershocks happen at night in two
clusters: on May 28, 2018 (Mw 6.2 earthquake at 4:47 a.m. and

Mw 5.7 earthquake at 11:53 p.m.), about six weeks after the
mainshock and centered near Palo Alto; and September 30 and
October 1, 2018 (Mw 6.0 earthquake at 8:16 p.m. on September
30th and Mw 6.4 earthquake at 12:33 a.m. on October 1st), about
six months after the mainshock and centered close to Mountain
View and Cupertino. These aftershocks, in particular, may
damage housing and displace additional people.
Seligson and others (2018) used both the Hazus default
values and a set of customized weighting factors to estimate
displaced households for single-family/duplex and multifamily
dwellings in the moderate, extensive, and complete damage
states caused by the earthquake-related hazards of ground
shaking and liquefaction. The customization parameters were
developed for the hypothetical magnitude-7.8 South San
Andreas earthquake “ShakeOut” scenario (Jones and others,
2008), and are derived from population survey data from
the 1994 Northridge and 1989 Loma Prieta earthquakes. In
particular, the customized parameters increase the displacement
weighting factor for single-family/duplex and multifamily
dwellings in a moderate damage state and single-family/duplex
dwellings in an extensive damage state, and decrease the
displacement weighting factor for multifamily dwellings in an
extensive damage state. These changes correspond with survey
responses about displacement and levels of damage; see the
appendix in Seligson and others (2018) for further discussion.
In all, approximately 16 percent of survey respondents
following the Northridge earthquake and 22 percent of the
respondents following the Loma Prieta earthquake were
displaced from their homes.
The Hazus methodology for calculating short-term shelter
requirements recognizes that only a portion of those displaced
from their homes will seek public shelter, and some will seek
shelter even though their residences may have lesser levels
of damage. The customized Hazus shelter model parameters
presented by Seligson and others (2018) use population data and
weighting factors for income and ethnicity to estimate the fraction
of residents in displaced households that may seek public shelter.
Table B2 provides the customized Hazus estimates of displaced
households and the portion of the population from those displaced
households that is likely to seek public shelter for the Mw 7.0
mainshock and the four largest aftershocks of the HayWired
scenario; the household displacement estimates for the other
aftershocks were negligible (Seligson and others, 2018).
Thus, totals for the Seligson and others (2018) analysis
are 155,283 households, or 420,607 people, in the nine-county
region at risk of displacement from the Mw 7.0 mainshock and
aftershock sequence of the HayWired scenario. It is important
to note, however, that their hypothetical mainshock calculations
are based upon the estimates of residential damage caused by
ground shaking and liquefaction only and neglect the potentially
significant population displacement and sheltering needs caused
by building damage from landslides and fires. Their aftershock
calculations only consider the displacement and sheltering needs
caused by residential damage ground shaking; all other building
damage causes, including liquefaction, are excluded.
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Table B2. Displaced households and shelter demands in the nine-county San Francisco Bay region, California, for the hypothetical
mainshock and aftershock sequence of the HayWired scenario (adapted from Seligson and others, 2018).
[In Hazus, the earthquake hazards used to estimate displaced households and short-term shelter needs for the mainshock were ground shaking and Hazus default
liquefaction (not the customized liquefaction results of Jones and others [2017]), with revised displacement parameter weights as discussed by Seligson and others (2018).
Only the ground shaking earthquake hazard was used in Hazus to estimate displaced households and short-term shelter needs for the modeled aftershocks]

Displaced
households1
Mainshock shaking and Hazus default liquefaction
Alameda County
87,629
Santa Clara County
24,179
Contra Costa County
21,856
San Francisco County
11,741
San Mateo County
6,167
152,438
Nine-county region3 total
Aftershock cluster shaking
May 28, 2018 near Palo Alto, CA
792
September 30–October 1, 2018 near Mountain View and Cupertino, CA
2,053
Nine-county region total across aftershock clusters
2,845
Total across HayWired earthquake sequence
155,283
Location or event

Displaced
people2

People seeking
short-term shelter

236,598
70,119
60,541
26,535
16,959
412,954

28,922
7,408
6,623
2,986
1,640
48,050

2,130
5,523
7,653
420,607

435
1,176
1,611
49,661

Uses 2000 U.S. Census data.

1

To reflect a more accurate population estimate, we use average household size by county from 2010 census data to calculate county-level displaced population estimates
for the mainshock. Displaced population estimates for the aftershocks use an average of 2.69 persons per household for the nine-county region from the 2010 census.
2

3
The other county estimates are far lower than the five listed counties, with Marin County (513 displaced households and 155 people seeking shelter) and Solano County (310
displaced households and 110 people seeking shelter) being the next highest; Napa and Sonoma Counties had fewer than 50 displaced households and people seeking shelter.

Integrated Building Damage Estimates
In order to consider the population at risk from all major
causes of building damage, particularly fire, the second analysis
uses the integrated building damage data for single-family/duplex
dwellings and multifamily dwellings derived from the Hazus
analysis (methods in Seligson and others, 2018; data in Seligson
and Jones, 2019) and the fire analysis (methods in Scawthorn,
2018; data in Scawthorn, 2019) and presented in section A (Jones
and others, 2020). The customized Hazus displacement parameters

for single-family/duplex and multifamily dwellings, detailed in
the appendix to Seligson and others (2018), are applied to the
unit counts for single-family/duplex dwellings and multifamily
dwellings in a moderate, extensive, or complete damage state.
The 2010 census data average persons per household for the
nine counties are then applied to develop displaced population
estimates for single-family/duplex and multifamily dwellings.
As shown in table B3, taking this approach, there is an
estimated 176,901–222,925 households, or 475,864–599,668
people, at risk of displacement because of residential damage

Table B3. Potential displaced households and population for single-family/duplex and multifamily dwellings caused by residential building
damage from ground shaking, landslide, liquefaction, and fires from the moment magnitude 7.0 mainshock of the HayWired scenario in the
nine-county San Francisco Bay region, California.
[Estimates use customized Hazus displacement parameters from Seligson and others (2018)]

Hazus damage state
Moderate
Extensive
Single-family/duplex residences
233,789
51,977
46,758
20,791
127,964
56,700
Multifamily residences (low and high estimate unit counts)
68,140–115,124
19,526–33,128
27,256–46,050
12,692–21,533
73,383–123,952
34,396–58,349
Total residences (low and high estimate unit counts)
301,928–348,913
71,502–85,104
74,014–92,807
33,482–42,324
201,348–251,916
91,095–115,048

Residential occupancy characteristic
Number of dwellings
Displaced households
Displaced population
Number of dwellings
Displaced households
Displaced population
Number of dwellings
Displaced households
Displaced population

Complete

Total

41,282
41,282
112,400

327,048
108,831
297,064

27,050–45,277
27,050–45,277
73,690–123,308

114,716–193,528
66,998–112,859
181,469–305,609

68,333–86,559
68,333–86,559
186,090–235,708

441,763–520,576
175,829–221,690
478,533–602,672
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caused by ground shaking, landslide, liquefaction, and fires from
the Mw 7.0 mainshock of the HayWired scenario. The range of
estimates accounts for the variation in housing units possible
within each multifamily residential occupancy class in Hazus. For
example, the RES3B multifamily residential occupancy class is
for three- to four-unit multifamily occupancies. Therefore, the low
estimate assumes three units in each building and the high estimate
assumes four units in each building.

Estimates in Areas of Concentrated Damage
A third analysis looks at the effects that concentrated
building damage can have on potential population displacement.
The areas of concentrated damage (specifically, census tracts with
20 percent or more of the building square footage in an extensive
or complete damage state from the Mw 7.0 mainshock of the
HayWired scenario) for three building occupancy groupings—all
occupancies combined, single-family/duplex dwellings, and
multifamily dwellings—presented in section A were used for
this analysis. The 2010 census-tract-level population data were
assigned to the tracts in the areas of concentrated damage (without
and with fire damage integrated) to determine the total household
and population counts in these specific areas.
Because damages are spatially concentrated in Alameda,
Contra Costa, Marin, and Solano Counties, several economic
subareas were defined by Wein, Belzer, and others (this volume)
to provide a general geographic context for the most significant
concentrations of damage. The economic subareas were defined
using census tract boundaries; the cities included in each subarea

are listed here. Multicity subareas avoided problems where census
tracts crossed city lines; a single tract can straddle two cities.
• Northern Alameda County subarea: Berkeley, Emeryville,
north Oakland, West Oakland, downtown Oakland,
Albany, and Alameda
• Central Alameda County subarea: east Oakland, San Leandro, Castro Valley, San Lorenzo, Hayward, and Union City
• Southern Alameda County subarea: Fremont and Newark
• Dublin-Pleasanton subarea: Dublin and Pleasanton
• Western Contra Costa County subarea: El Cerrito, Richmond, San Pablo, and Pinole
• Novato subarea: Novato
• Vallejo subarea: Vallejo
Figures B1 and B2 show the population density for all
the census tracts in the areas of concentrated damage for
all occupancies combined, without and with fire damage
integrated. Table B4 compares the 2010 census data in the
nine-county region with the number of households and
population in the areas of concentrated damage (without and
with fire damage integrated) for all occupancies combined,
single-family/duplex dwellings, and multifamily dwellings.
Table B5 reframes the population and household counts in the
areas of concentrated damage to focus on the seven economic
subareas used by Wein, Belzer, and others (this volume).
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Figure B1. Map of the San Francisco Bay region, California, showing population density (from the 2010
census) in each of the census tracts that have 20 percent or greater building square footage damage
from shaking, landslide, and liquefaction only (without fire damage integrated) resulting from the
HayWired earthquake scenario mainshock, for all building occupancies combined. Data from U.S. Census
Bureau (2018).
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Figure B2. Map of the San Francisco Bay region, California, showing population density (from the 2010 census)
in each of the census tracts that have 20 percent or greater building square footage damage from shaking,
landslide, liquefaction, and fire (with fire damage integrated) resulting from the HayWired earthquake scenario
mainshock, for all building occupancies combined. Data from U.S. Census Bureau (2018).

2,608,023
545,138
604,204
375,364
345,811
257,837
103,210
141,758
48,876
185,825

Nine-county region
Alameda County
Santa Clara County
Contra Costa County
San Francisco County
San Mateo County
Marin County
Solano County
Napa County
Sonoma County

7,150,739
1,510,271
1,781,642
1,049,025
805,235
718,451
252,409
413,344
136,484
483,878

7,150,739
1,510,271
1,781,642
1,049,025
805,235
718,451
252,409
413,344
136,484
483,878

4

The 2010 U.S. Census estimates of the total population and number of households for each county were used to estimate the displaced percentages for the Hazus estimates.

3

The Hazus-based displaced population estimates were calculated by multiplying the Hazus estimates of displaced households by the county-level estimates of persons per household from the 2010 U.S. Census.

2
The household and population estimates within areas of concentrated damage use data from the 2010 U.S. Census. An area of concentrated damage was defined as all census tracts where the extensive or complete damage to the
occupancy grouping of interest was greater than 20 percent of the total building square footage for the occupancy grouping.

1
The customized Hazus estimate of displaced households uses data from the 2000 U.S. Census and considers only the damage caused by ground shaking and liquefaction, not landslides and fires. The integrated damage estimate of
displaced households applies customized parameters to moderate, extensive, or complete residential damages ranges to reflect the low and high estimates of the number of units in multifamily dwellings.

2,608,023
545,138
604,204
375,364
345,811
257,837
103,210
141,758
48,876
185,825

Households Population

Nine-county region
Alameda County
Santa Clara County
Contra Costa County
San Francisco County
San Mateo County
Marin County
Solano County
Napa County
Sonoma County

County or region

2010 U.S. Census
1

Total in areas of concentrated damage2
Customized displacement estimates
Single-family/duplex
All occupancies combined
Multifamily dwellings
dwellings
County
County
County
County
total4
Households
Population3
Households Population total
Households Population total Households Population total
(%)
(%)
(%)
(%)
Earthquake damage estimates
152,438
412,954
6
172,484
487,698
7
60,994
170,206
2
361,948
1,024,266
14
87,629
236,598
16
146,119
413,231
27
55,665
153,355
10
287,427
813,192
54
24,179
70,119
4
0
0
0
0
0
0
0
0
0
21,856
60,541
6
26,365
74,467
7
5,329
16,851
2
74,521
211,074
20
11,741
26,535
4
0
0
0
0
0
0
0
0
0
6,167
16,959
2
0
0
0
0
0
0
0
0
0
513
1,211
0.5
0
0
0
0
0
0
0
0
0
310
877
0.2
0
0
0
0
0
0
0
0
0
29
78
0.1
0
0
0
0
0
0
0
0
0
14
36
0
0
0
0
0
0
0
0
0
0
Integrated (earthquake and fire) damage estimates
175,829–221,690 478,533–602,672 7–9
267,631
765,402
10
128,543
363,215
5
520,210
1,451,838
20
98,266–123,721 265,318–334,048 18–23
226,146
644,056
42
106,049
298,111
20
417,269
1,166,435
77
26,333–33,256
76,366–96,443
4–6
0
0
0
0
0
0
0
0
0
28,874–35,359
79,981–97,945
8–9
34,281
103,574
10
15,490
47,332
5
92,270
258,236
25
7,928–11,398
17,918–25,759
2–3
0
0
0
0
0
0
0
0
0
8,720–10,924
23,979–30,041
3–4
0
0
0
0
0
0
0
0
0
2,432–3,021
5,740–7,130
2–3
2,560
6,590
3
2,560
6,590
3
2,560
6,590
3
3,104–3,818
8,785–10,804
2–3
4,644
11,182
3
4,644
11,182
3
8,111
20,577
6
70–80
187–214
0.1–0.2
0
0
0
0
0
0
0
0
0
102–113
260–288
0.1
0
0
0
0
0
0
0
0
0

[Data from U.S. Census Bureau (2018), Seligson and Jones (2019), and Wein, Belzer, and others (this volume). %, percent]

Table B4. Comparison of households and populations in areas of concentrated damage (all occupancies, single-family/duplex dwellings, and multifamily dwellings) with 2010
census data and households and population estimates from the customized Hazus analysis of the HayWired earthquake scenario mainshock for the nine-county San Francisco
Bay region, California.
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103,210
24,066
141,758
44,949

Marin County total
Novato subarea

Solano County total
Vallejo subarea

375,365
79,212
103,210
24,066
141,758
44,949

Contra Costa County total
Western Contra Costa County subarea

Marin County total
Novato subarea

Solano County total
Vallejo subarea

413,344
117,126

252,409
58,562

1,049,025
207,969

1,510,271
1,395,220
635,900
102,277
394,313
262,730

7,150,739
1,778,967

413,344
117,126

252,409
58,562

1,049,025
207,969

1,510,271
1,395,220
635,900
102,277
394,313
262,730

7,150,739
1,778,967

Total in areas of concentrated damage1
All occupancies combined
Single-family/duplex dwellings
County or subCounty or subHouseholds Population
Households Population
area total2 (%)
area total2 (%)
Nine-county region, without fire damage
172,484
487,698
7
60,994
170,206
2
172,484
487,698
27
60,994
170,206
10
Alameda County economic subareas, without fire damage
146,119
413,231
27
55,665
153,355
10
146,119
413,231
30
55,665
153,355
11
36,800
110,289
17
105,750
316,559
50
1,781
4,576
5
7,079
19,035
20
15,390
33,257
9
30,433
69,225
18
1,694
5,233
2
2,857
8,412
3
Contra Costa County economic subareas, without fire damage
7
5,329
16,851
2
26,365
74,467
5,329
16,851
8
26,365
74,467
36
Marin County economic subareas, without fire damage
0
0
0
0
0
0
0
0
0
0
0
0
Solano County economic subareas, without fire damage
0
0
0
0
0
0
0
0
0
0
0
0
Nine-county region, with fire damage integrated
128,743
363,215
5
267,631
765,402
10
128,743
363,215
20
265,586
758,999
42
Alameda County economic subareas, with fire damage integrated
106,049
298,111
20
226,146
644,056
42
106,049
298,111
21
224,101
637,653
45
71,664
215,800
34
157,116
471,489
75
10,884
29,771
30
1,781
4,576
5
24,980
55,576
14
46,633
108,681
28
7,624
22,159
9
9,438
27,712
11
Contra Costa County economic subareas, with fire damage integrated
15,490
47,332
5
34,281
103,574
10
15,490
47,332
22
34,281
103,574
49
Marin County economic subareas, with fire damage integrated
2,560
6,590
3
2,560
6,590
3
2,560
6,590
11
2,560
6,590
11
Solano County economic subareas, with fire damage integrated
4,644
11,182
3
4,644
11,182
3
4,644
11,182
11
4,644
11,182
11
0
0
0
0
1,451,838
1,339,133
1,166,435
1,143,834
631,523
78,104
293,444
140,763
258,236
168,132
6,590
6,590

0
0
0
0
520,210
478,985
417,269
409,543
209,104
28,880
124,755
46,804
92,270
58,711
2,560
2,560

20,577
20,577

211,074
168,132

74,521
58,771

8,111
8,111

813,192
802,778
564,042
54,635
144,607
39,494

1,024,266
970,910

287,427
284,060
188,306
20,522
62,156
13,076

361,948
342,831

6
18

3
11

25
81

77
82
99
76
74
54

20
75

0
0

0
0

20
81

54
58
89
53
37
15

14
55

Multifamily dwellings
County or subHouseholds Population
area total2 (%)

2

An averaging and rounding up of household and population percentages was done in order to provide one estimate of the likely percentages.

1
The household and population estimates for areas of concentrated damage use data from the 2010 U.S. Census. An area of concentrated damage was defined as all census tracts where extensive or complete
damage to the occupancy grouping of interest was greater than 20 percent of the total building square footage for the occupancy grouping.

545,138
540,512
225,786
37,334
188,231
89,161

Alameda County total
Economic subareas total
Central Alameda County subarea
Dublin-Pleasanton subarea
Northern Alameda County subarea
Southern Alameda County subarea

2,608,023
688,739

375,365
79,212

Contra Costa County total
Western Contra Costa County subarea

Region total
Economic subareas total

545,138
540,512
225,786
37,334
188,231
89,161

2,608,023
688,739

Households Population

Alameda County total
Economic subareas total
Central Alameda County subarea
Dublin-Pleasanton subarea
Northern Alameda County subarea
Southern Alameda County subarea

Region total
Economic subareas total

Region name

2010 U.S. Census

[Data are from U.S. Census Bureau (2018) and Wein, Belzer, and others (this volume). %, percent]

Table B5. Economic subarea comparison of household and population counts in the areas of concentrated damage (without and with fire damage integrated) defined by all
occupancies combined for the HayWired earthquake scenario mainshock in the San Francisco Bay region, California.

80   The HayWired Earthquake Scenario—Societal Consequences

Chapter U. Analysis of Communities at Risk in the HayWired Scenario   81
For the nine-county region, the customized Hazus analysis
estimated that about 6 percent of the total households could be
displaced following the mainshock of the HayWired scenario.
About 40 percent of all building damage in an extensive or
complete damage state is in the areas of concentrated damage
(without fire integrated) for all occupancies, consisting of 172,484
households and 487,698 people (or 7 percent of the nine-county
region totals). Integrating fire damage, these estimates increase to
267,631 households and 765,402 people (or 10 percent of the ninecounty region totals).
The household and population estimates for singlefamily/duplex dwellings and multifamily dwellings in areas of
concentrated damage are included for comparative purposes and
should be viewed as alternative (not additive) perspectives to the
estimates for all occupancies combined in areas of concentrated
damage. This is because many of the same census tracts are
included in all three maps of concentrated damage. In the area
of concentrated damage for multifamily dwellings (without fire
damage integrated), there are a total of 361,948 households and a
population of 1,024,266 (or 14 percent of the nine-county totals).
If fire damage is integrated, these figures increase to 520,210
households and 1,451,838 people (or 20 percent of the ninecounty totals). It is emphasized that these are the total household
and population counts for the areas of multifamily damage
concentrations, and not just the population in multifamily dwellings
in the areas.
The county-level comparisons show some distinct differences
between the customized Hazus calculations and the concentrated
damage analyses. The customized Hazus analysis calculates displaced
households in 13 counties, whereas the areas of concentrated damage
are in only 4 counties—Alameda, Contra Costa, Marin, and Solano
Counties. Also, for all the areas of concentrated damage, the countylevel household and population estimates are considerably higher if
fire damage is integrated—a condition that was not accounted for in
the customized Hazus analysis.
The county-level comparisons also show the high percentage
of households and population in Alameda County in the areas of
concentrated damage. The customized Hazus estimate of 87,629
displaced households in Alameda County is nearly 60 percent of
the total displacement estimate in the customized Hazus analysis,
and about 16 percent of the county’s total number of households. In
comparison, the number of households and people in the areas of
concentrated multifamily dwelling damage in Alameda County are
as much as 77 percent of the county totals.
Closer inspection of the population and household estimates
for the economic subareas shows that about 25 percent of all
households and population in the nine-county region reside in
the seven economic subareas, and nearly 80 percent of the total
economic subarea households and population are in the four
economic subareas in Alameda County. The central Alameda
County economic subarea has about 36 percent of the total
economic subarea households and population. The DublinPleasanton, northern Alameda County, southern Alameda County,
western Contra Costa County, and Vallejo economic subareas
also have high numbers of households and population, and
high percentages of the total population and households for the
respective economic subarea, in the areas of concentrated damage.

Potential Effects of Lifeline Infrastructure
Outages and Environmental Hazards
Ground shaking, surface fault rupture, liquefaction,
landslide, and fires following the HayWired scenario mainshock
and aftershocks also damage transportation and utility systems
(Porter, 2018; Jones and others, this volume), and are likely to
trigger major environmental health threats (Plumlee, 2017).
Both lifeline infrastructure outages and environmental hazards
are not considered in the Hazus displacement and sheltering
models or the other analyses in this section, which all focus
entirely on residential building damage.
Plumlee (2017) identified a wide range of potential
environmental contaminants and environmental health threats
that could occur in the HayWired scenario. Hazardous chemical
releases into the air, water, or soils from damaged and (or)
burning industrial facilities; hazardous smoke, gases, or other
combustible products from fires; contaminants, such as asbestos,
in the dusts and debris from building collapses; and the releases
of raw sewage from damaged sewer lines and wastewater
treatment plants are all major concerns given the density of
industrial facilities and older structures in the east bay.
Potential health concerns include: immediate increases
in heart attacks, strokes, and asthma caused by exposures to
high airborne particulate matter in smoke and dust; acute,
gas-specific health effects from exposures to hazardous gases;
near-term increases in gastrointestinal illnesses and skin
infections as a result of exposures to sewage pathogens; and
long-term health effects from exposures to hazardous chemicals
or other contaminants that are poorly understood. Any of these
conditions or concerns could incite health-related evacuations
or lead to protracted population displacements and restrictions
on population return in a particular area. Also, additional areas
could be impacted via airborne plumes (depending upon the
wind direction) from fires, refineries along Richmond Marina
and San Pablo Bays, and chemical plants in the southern end
of the east bay corridor. Unfortunately, without more detailed
modeling for the HayWired scenario, it is difficult to estimate
the specific numbers of people who might be impacted by
environmental hazards.
Jones and others (this volume) have investigated the
exposure of five lifeline infrastructure systems to all of the
different hazards from the Mw 7.0 mainshock of the HayWired
scenario (ground shaking, surface fault rupture, liquefaction,
landslide, and fire). The lifeline infrastructure systems
assessed are water, electric power, oil and gas, transportation,
and telecommunications, which altogether are composed of
hundreds of thousands of infrastructure assets, both facilities
and conveyances. A 51,000 square kilometer (km2) geographic
area was analyzed, out of which an area of 178 km2 had four
overlapping mainshock hazards as well as a small 0.2 km2 area
along the Hayward Fault trace where all five mainshock hazards
overlap (Jones and others, this volume). Figure B3 shows the
areas exposed to multiple high-intensity mainshock hazards
and figure B4 shows the points of collocation for three or more
lifeline infrastructure assets and their exposure level to multiple
concomitant mainshock hazards.
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Table B6. Lifeline utility impacts resulting from the HayWired earthquake scenario mainshock in the San Francisco Bay region, California.
[Data from Jones and others (this volume)]

Lifeline infrastructure system

Potential system impacts

Road network

More than a hundred highways, secondary roads, and surface streets cross the Hayward Fault rupture zone—
more than any other lifeline infrastructure system. Roadways in the areas of concentrated damage, especially
in Oakland and other highly developed areas that experience high-intensity ground shaking, could be
impeded by debris. Safe egress from the east bay, especially from ensuing fires, might well be west across the
bridges over San Francisco Bay rather than to the east. Road network and bridge repair times of three months
or longer are possible along Highways 37 and 24 and Interstates 880, 580, and 680.

Bay Area Rapid Transit (BART)

Several stations and an operations facility are exposed to high-intensity ground shaking and several miles
of track run through high-intensity landslide hazard areas. BART stations (which service urban areas) are
generally more exposed to fire hazards than other transportation infrastructure. All the BART stations in
the central Alameda County economic subarea (such as Fruitvale, Coliseum, San Leandro, Bay Fair, and
Hayward) as well as the BART yard maintenance facility in Hayward could have severe damage and take at
least one year to repair. BART’s Orinda, Rockridge, and South Hayward stations could take as long as nine
months to repair. Temporary stations would need to be constructed to provide BART access in these areas
while repairs are undertaken.

Water supply and wastewater

Two major water conveyances (the San Pablo Tunnel and the Mokelumne Aqueduct) to residents and business
in the east bay cross the fault rupture zone where measurable coseismic slip occurs in the HayWired scenario.
Whereas considerable investment has been made in upgrading the regional water transmission system,
extensive damage to the water distribution systems in Alameda, Contra Costa, and Santa Clara Counties
is likely. In particular, the potential damage to the water distribution system in the east bay could cause the
average customer in Alameda County to be without water for six weeks, and some customers may lack water
service for six months. Wastewater treatment plants are exposed to high probability of liquefaction hazard.

Oil and gas

Petroleum and natural gas pipelines cross the Hayward Fault 15 times in locations with measurable
coseismic slip. Contra Costa County, in particular, has several pipelines crossing the fault rupture zone
in areas with measurable coseismic slip.

Electric power

Whereas electric transmission lines cross the fault eight times in locations with measurable coseismic slip, all
but one of these crossings occur for aerial transmission lines (which are not generally impacted by surface
offset). The remaining crossing occurs on a subterranean transmission line running through San Pablo Bay.
Substations and power generation plants are exposed to high-intensity ground shaking and high liquefaction
probability. Service restoration is on the order of 3–4 weeks.

Telecommunications

Fiber optic routes cross the Hayward Fault 123 times in locations with measurable coseismic slip (102
interoffice distribution and 21 long-haul transmission). Fiber optic routes also run through high probability
liquefaction areas. Cellular sites on buildings and monopoles are most vulnerable to high-intensity ground
shaking and liquefaction. Fiber-lit buildings are most frequently exposed to high shaking intensity and
sometimes in high-probability liquefaction areas. Telecommunications infrastructure systems are more
exposed to the HayWired aftershock sequence than other infrastructure. Voice and data service restoration
may take days to weeks.
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Jones and others (this volume) also gathered damage
impact assessments and downtime potential for select lifeline
infrastructure systems and looked at the interdependencies among
multiple systems. Some of their key findings that could affect
population evacuations and first-responder access, especially in
areas with post-earthquake fires, as well as the risk of long-term
population displacements, are shown in table B6.
Together, these maps provide a useful indication of
potential hotspots of lifeline impacts, where lifeline infrastructure
damage and outages could be significant and add to the risks of
population displacement. Many of these areas overlap with the
areas of concentrated building damage in the economic subareas
of western Contra Costa County, northern, central and southern
Alameda County, and Dublin-Pleasanton. However, areas in Santa
Clara, San Mateo, and San Francisco Counties, particularly in
the flat lands close to San Francisco Bay, have multiple lifeline
infrastructure assets exposed to multiple high-intensity hazards.
Figure B5 shows the restoration curves compiled by
Jones and others (this volume) for water, electric power,
voice and data communications, California Department of
Transportation bridges, and Bay Area Rapid Transit (BART)
services for Alameda County for the HayWired scenario
mainshock. Voice and data communications and electric power
have faster restoration rates than water or BART service.
Given the building damage concentrations and potential longterm water infrastructure outages in Alameda County, as well
as parts of Contra Costa and Santa Clara Counties, the risk of
population displacement from water service disruption and
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Figure B5. Line graph showing the lifeline restoration curves
(voice and data, electric power, water distribution, Bay Area Rapid
Transit [BART] service, and California Department of Transportation
bridges) for Alameda County for the HayWired earthquake scenario
mainshock in the San Francisco Bay region, California. From Jones
and others (this volume).

potential wastewater system damage could be substantially
increased in these areas.
Studies following the 1994 Northridge and 1989 Loma
Prieta earthquakes in California found that somewhere between
20 and 50 percent of residents with power and water outages were
displaced from their homes (Seligson and others, 2018). Seligson
and others (2018) recommend increasing the Hazus estimates
for population displacement and sheltering needs by 20 percent
to account for utility outages. The multi-month water outages
estimated for much of Alameda and Contra Costa Counties in the
HayWired scenario (Porter, 2018) also suggest that an additional
20 percent weighting factor is a reasonable adjustment for this
displacement analysis.
Using this weighting factor, adjusted totals for estimates
of potential population at risk of displacement increase to
183,455 households and 497,158 people (7 percent of the
nine-county totals) for the customized Hazus damage analysis
and 212,281–267,510 households or 571,037–719,601 people
(8 to 10 percent of the nine-county totals) for the integrated
building damage analysis. The estimates for areas of
concentrated damage remain unchanged since these are actual
counts of households and populations in these areas.

Specific Population Groups Vulnerable
to Displacement
In the context of disasters, many of the socioeconomic
vulnerability indicator tools help to identify places and
populations that are vulnerable to hurricane and flood
disasters (Cutter and others, 2003), but do not explicitly link
these vulnerabilities to specific and long-term postdisaster
consequences, such as population displacement and mobility.
Esnard and others (2011) analyzed Hurricane Katrina and
other posthurricane data and distilled the disaster research
literature to identify the potentially predictive variables of
postdisaster population displacement. Their displacement risk
index (DRI) is the first of its kind and focuses on hurricanes
that strike the U.S. mainland. The DRI accounts for hazard
exposure, physical vulnerability, socioeconomic vulnerability,
and community resilience to estimate both the potential
magnitude and spatial variation of displacement risk.
Table B7 is an adaptation of the DRI by Esnard and others
(2011) that generalizes the variables they identified to address a
natural hazard scenario, rather than being specific to hurricane
displacement risk. The directional effects of each indicator on
vulnerability or resilience is shown with a (+) or (−) sign after
the definition. A main takeaway from this index development
effort is that there is a broad base of household and communityscale socioeconomic characteristics that affect population
displacement risk that go well beyond the traditional social
vulnerability measures of race, income, and age.
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Table B7. Generalized hazard scenario version of a displacement risk index (adapted from Esnard and others, 2011).
[+ and − symbols after each variable refer to the directional effect on the vulnerability or resilience, where + is a positive correlation and – is a negative correlation.
The household data are averages at the county level. Variables for the State performance and institutional resilience indicators are collected at the State level]

Physical vulnerability
Built environment (percentage of housing units):
Hazard vulnerable (+),
Owner occupied (−),
Renter occupied (+),
Population density (+),
Percentage urbanized (+)

Socioeconomic vulnerability
Income:
Households below poverty line (+),
Household median income (−),
Per capita income (−),
Households using more than 30 percent of
income for housing (+)

Community resilience
Economic resilience:
Foreclosure rate (−),
Percentage of housing vacancies (+),
Social capital groups per 10,000 persons (+),
Nongovernmental organizations per 10,000
persons (+)

Hazard exposure:
Percentage of urban area in hazard zone (+),
Percentage of county area in hazard zone (+),
Other hazard vulnerability index (+)

Employment:
Percentage of economic sector vulnerable (+),
Percentage of employment gain/loss (−),
Unemployment rate (+)

Emergency capacity (per 10,000 persons):
Hospitals (+),
Medical services (+),
Physicians (+)

Race/ethnicity (percentage of population that is):
White (−),
Latino (+),
African-American (+),
Native American (+),
Asian (−),
Other (+),
Non-English speaking (+)

State performance:
Pew Center state government performance
score1 (+)

Age (percentage of population that is):
Over 65 (+),
Over 75 (+),
Under 18 (+),
Under 6 (+)
Housing affordability:
Percentage of households that rent (+),
Affordable housing unit need as a percentage of
total housing units (+)
Disadvantaged groups:
Single-female households (+),
Single-parent households (+),
Single-person households over the age 65 (+),
Households on public assistance (+),
Households with disabilities (+),
Households without cars (+)
Residence:
Percentage of population born in state (−)
Education level (percentage of population with):
Less than a high school education (+),
Less than an 8th grade education (+)
Barrett and Greene (2008).

1

Institutional resilience (percentage of
population covered by):
Existence of state plan (+),
Local mandates (+),
Mandatory hazards element (+),
Geographic coverage of local mandatory
hazards element (+),
Postdisaster recovery plan requirement (+)
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Esnard and others (2011) suggest other data that can be
useful but were not available at the time the index was constructed.
Factors potentially missing from the displacement risk index
include ecological vulnerabilities and postdisaster sociopolitical
and economic policies and processes that can exacerbate the
predisaster social and economic vulnerabilities and inequalities of
different people and communities, and further disadvantage certain
groups in the recovery.
In the next sections of the displacement analysis, we consider
the socioeconomic vulnerabilities of populations at risk of
displacement in the HayWired scenario. Specifically, we explore
socioeconomic vulnerability characteristics of populations in
the areas of concentrated damage for all occupancies combined.
Though there are populations with high socioeconomic
vulnerabilities across the affected region, these analyses focus on
the population in the areas of concentrated damage since these
areas are likely to have more challenging and longer recovery
trajectories than less-damaged areas, thus increasing the likelihood
of long-term population displacement.
It is important to note, however, that disasters can become
mechanisms for accelerating neighborhood gentrification and
exclusion trends underway before the disaster, only further
disadvantaging already marginalized populations (Esnard and
Sapat, 2014). The “Plan Bay Area 2040” includes an analysis of
gentrification and population displacement occurring or likely to
occur in the San Francisco Bay region without consideration of
the effects of a major disaster, such as the HayWired scenario (Zuk
and Chapple, 2015; Metropolitan Transportation Commission
and Association of Bay Area Governments, 2017). Many lowincome neighborhoods are already experiencing displacement and
high-income neighborhoods are also rapidly losing their existing
low-income populations. Neighborhoods with rail stations,

historical housing stock, and rising housing prices are especially
at risk of losing low-income households. Many of these at-risk
neighborhoods correspond with areas of concentrated damage in
the east bay in the HayWired scenario.

Population with High Community Vulnerability
Indicator Scores
In their 2015 study “Stronger Housing, Safer
Communities,” the Association of Bay Area Governments
(ABAG), San Francisco Bay Conservation and Development
Commission (BCDC), and partners used the “communities of
concern” methodology developed by the San Francisco Bay
region Metropolitan Transportation Commission to identify
census block groups in the San Francisco Bay region that
have higher than average concentrations of 10 socioeconomic
characteristics known to affect the abilities of individuals
and households to prepare for, respond to, and recover from
a disaster (ABAG and BCDC, 2015; Brechwald and others,
2015; BCDC, 2016). This analysis was updated by BCDC
for their “Adapting to Rising Tides” project in 2016 (BCDC,
2016). Each indicator is numerically measurable and based on
data that is accessible and able to be georeferenced.
Table B8 lists the ABAG/BCDC community vulnerability
indicators (CVIs), the way they are measured, and the
threshold percentage or amount per census block group that
must be met for the block group to receive a CVI score. For
example, block groups with greater than 9 percent of the
population 75 years of age or older would be given a score
for that particular indicator. For any area, there can be a total
possible score of 10.

Table B8. Association of Bay Area Governments (ABAG) and San Francisco Bay Conservation and Development Commission (BCDC)
community vulnerability indicators and measures.
[Data from ABAG and BCDC (2015) and Brechwald and others (2015); updated by BCDC (2016). Thresholds for defining the presence of indicators were
determined by calculating the regional mean for each indicator and adding one-half the standard deviation to the regional mean]

Indicators
Housing cost burden
Transportation cost burden
Home ownership
Household income
Education
Racial/cultural composition
Transit dependence
Non-English speakers
Age—Young children
Age—Elderly
Total possible community
vulnerability indicator (CVI) score

Percentage per
census block group
Percentage of household monthly spending on housing is >50 percent ≥35 (renters) and (or)
of gross monthly income
≥19 (owners)
Percentage of gross monthly income used for transportation costs ≥18
Percentage of housing not owner occupied
≥55
Percentage of households with income <50 percent of the region’s ≥33
median income
Percentage of persons ≥25 years of age without a high school diploma ≥19
Percentage of non-white races or ethnicities
≥68
Percentage of households without a vehicle
≥15
Percentage of households where no one ≥15 years of age speaks
≥14
English well
Percentage of young children <5 years of age
≥8
Percentage of elderly people ≥75 years of age
≥9
Measure

Score
1
1
1
1
1
1
1
1
1
1
10
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These indicators are consistent with the DRI by Esnard
and others (2011) (see table B7), with two exceptions. The
DRI does not include transportation cost burden and transit
dependence. However, given the extensive commuting patterns
in the San Francisco Bay region that could be significantly
interrupted in a major earthquake, it seems reasonable to
include these characteristics.
For this analysis, the CVI data (ABAG and BCDC, 2016)
were evaluated by associating the CVI block group data with
the areas of concentrated damage for all occupancies combined
(with fire damage integrated). The CVI data provides a CVI
score (of the number of qualifying indicators for a census block
group) and the actual indicators that form the score for each
block group. Since some indicators are population-based (for
example, age) and some are household-based (for example,
household income), the household counts were converted
to population counts by multiplying households by persons
per household block group census data. This means that, for
any unit of aggregation (for example, economic subarea or
county), the population in block groups associated with each
vulnerability indicator and a total CVI score of 0 to 10 can be
tabulated. Figure B6 shows the CVI scores by census block
group for the population in the areas of concentrated damage
for all occupancies combined. The darker colors on the map
corresponds to higher CVI scores. The block-group-scale results
can also be found in Jones and others (2020).
Figures B7 and B8 show the total population distribution
by CVI score in the areas of concentrated damage for all
occupancies combined in each county and economic subarea,
as well as the population-weighted prevalence of each indicator
within each CVI score (data available in Jones and others,
2020). For example, block group populations in the areas of
concentrated damage with a CVI score of 1 are summed to
determine the total population that has a CVI score of 1, and
the colors of the bar graph show composition of indicators that
contributed to that score. For block group populations in the
areas of concentrated damage with a CVI score of 2 or more,
each indicator’s contribution is calculated as the population with
the indicator for the score divided by the number of the CVI
score (to remove repeated counting of the same population).
The contribution of each indicator adds up to the total
population in the specific subregion in the areas of concentrated
damage with the CVI score, such that the figures show the total
population with each CVI score and the relative prevalence of
each indicator.
Note that the height of the bars in figures B7 and B8
represent the total population in the block groups in the areas
of concentrated damage with each of the CVI scores and the
colors show the prevalence for each indicator that makes up
a particular CVI score. The colors do not, however, indicate
how many people have a specific indicator because a single
person may belong to several (or no) groups. The nature
of the available data used prohibit isolating subgroups in a
population and counting the number of people with different
combinations of CVI indicators in a block group. It is only

possible to consider how common different indicators are
within a particular CVI score.
Compared with the population counts provided in tables B4
and B5, these figures show that more than 350,000 people reside
in block groups with CVI scores of 5 or greater in the areas of
concentrated damage. Of that group, a large portion (around
285,000 people) resides in Alameda County (or 18 percent of
the county population), approximately 55,000 people reside in
Contra Costa County (or 5 percent of the county population),
and more than 9,000 people reside in Solano County (or 2
percent of the county population). More specifically, the greatest
concentrations of people reside in block groups with high CVI
scores of 5 or more in the economic subareas of central Alameda
County (40 percent of the subarea population), western Contra
Costa County (26 percent of the subarea population), and Vallejo
(8 percent of the subarea population).
The prevalence of vulnerability indicators for residents of
areas of concentrated damage varies by CVI score. Transportation
cost burden dominates in the less-vulnerable block groups
(for example, with CVIs of 3 or less). The racial and cultural
composition indicator dominates the mid-range of the CVI scores
(4 to 7). The elderly indicator contributes the least overall to the
CVI scores, especially higher CVI scores. In areas with CVI
scores of 5 or more, there is a greater prevalence of housing- and
income-related indicators (for example, lack of home ownership,
high housing-cost burden, low household incomes) and literacy
indicators (for example, low levels of education and more nonEnglish speakers). The high CVI scores (8 or greater) involve more
indicators and, therefore, their prevalence is more balanced—more
populations qualify for the same combination of indicators.

School-Age Children
Past disasters have shown that families with school-age
children have higher rates of protracted or permanent displacement
or relocation, especially if they find better schools or more
affordable housing elsewhere (Plyer and Ortiz, 2011; Fothergill
and Peek, 2015). When neighborhood schools close, some
families may move to other parts of the community, the region, or
even outside the region in order to keep their children in school.
Since the early 1930s, public schools in California have been
subject to special design requirements, regulations, and seismic
retrofit programs (Barclay, 2003) that are likely to substantially
reduce damage to many public primary, secondary, and higher
education facilities in the HayWired scenario. However, some
public school buildings may still sustain shaking-related
damage—from both structural and nonstructural elements—
that renders them inoperable. Others could be impacted by any
combination of liquefaction, landslides, and fires. Furthermore,
the seismic regulations for private school buildings have been
significantly less stringent and, unfortunately, there is evidence
that some private school buildings in the San Francisco Bay region
could have significant damage in a major earthquake (City and
County of San Francisco, 2013).
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Figure B6. Map of the San Francisco Bay region, California, showing Association of Bay Area Governments
(ABAG) and San Francisco Bay Conservation and Development Commission (BCDC) community vulnerability
indicator (CVI) scores for census block groups in the areas of concentrated damage (with fire damage integrated)
resulting from the HayWired earthquake scenario mainshock for all occupancies combined. Areas in pink are in the
areas of concentrated damage but have CVI scores of zero. Data from ABAG and BCDC (2016).
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The 2010–14 5-year American Community Survey (ACS)
census data on households with very young children (less than
5 years) are part of the CVIs (ABAG and BCDC, 2016) and
a contributing indicator in the areas of concentrated damage
in Alameda County, especially the central Alameda County
economic subarea. The 2012–16 ACS 5-year estimates were
used to obtain a more current view of school-age children (U.S.
Census Bureau, 2018). The ACS reports on the population
enrolled in primary schools, which are defined as kindergarten
through 12th grade, and which we define as “school-age
children” whose families may have higher rates of protracted or
permanent displacement or relocation.
Table B9 lists the 2012–16 ACS 5-year estimates of schoolage children for the nine counties in the San Francisco Bay region.
There is a total of 1,168,694 school-age children in the nine
counties. Santa Clara, Alameda, and Contra Costa Counties have
the highest numbers, with an estimated 314,838 (31 percent),
248,253 (27 percent), and 197,854 (21 percent) school-age
children, respectively. Of these, an estimated 130,455 school-age
children reside in areas of concentrated damage, with the majority
(108,087 school-age children) residing in the areas of concentrated
damage in Alameda County. The central Alameda County subarea
has the largest number (85,067) of school-age children residing in
areas of concentrated damage.
In the areas of concentrated damage, there are 64,300
school-age children in 2010 census block groups where the
concentrations of school-age children are much higher than
other block groups. These areas were identified by calculating
the mean for the percentage of the total population in a block
group that are school-age children for the nine-county region
and then adding one-half standard deviation (also calculated
using the same nine-county block groups) to the regional mean.
To be considered an area with a high concentration of schoolage children, more than 18.35 percent of the total population
for a block group must be school-age. This method is consistent
with the approach used to obtain the threshold values for the
CVIs. These data are available in Jones and others (2020).

Table B9. Number of school-age (kindergarten through 12th
grade) children in the nine counties of the San Francisco Bay
region, California.
[Data from U.S. Census Bureau (2018)]

County
Alameda County
Contra Costa County
Marin County
Napa County
San Francisco County
San Mateo County
Santa Clara County
Solano County
Sonoma County
Nine-county total

School-age children
248,253
197,854
40,976
23,558
75,446
117,266
314,838
73,410
77,093
1,168,694

Figure B9 shows the 2010 census block groups that
have high concentrations of school-age children in the areas
of concentrated damage. The block groups in the areas of
concentrated damage that have a CVI score of 5 or more
are also shown. There are notable overlapping areas with
high concentrations of school-age children and areas with
a CVI score of 5 or more in the central Alameda County,
western Contra Costa County, and Vallejo subareas. This
provides some indication of where school-age children may
be yet another indicator of displacement risk in the areas of
concentrated damage.

Persons with Disabilities
The California Governor’s Office of Emergency Services
(Cal OES) defines persons with access and functional needs
as being or having: physical, developmental, or intellectual
disabilities; chronic conditions or injuries; limited English
proficiency; older adults; children; low income, homeless, and
(or) transportation-disadvantaged (for example, dependent
on public transit); and pregnant women (Cal OES, 2019).
These individuals are likely to be more dependent on having
access to functioning hospitals, doctor’s offices, general health
care services, social and personal care services, and other
community services and may be vulnerable to displacement
if these services are impacted in the HayWired scenario. The
physical and emotional effects of a major earthquake, and
subsequent aftershocks, could add further stress on already
overwhelmed healthcare and community service systems and
providers, increasing the vulnerabilities for this population
group. The “Bay Area Earthquake Plan” estimates that there
are about 675,000 children under the age of five and more than
2.5 million individuals with access and functional needs out
of a population of about 10.2 million people in the 16-county
planning area (Cal OES, DHS, and FEMA, 2016).
Whereas some of the criteria that define access and
functional needs populations are included in the CVI score
(ABAG and BCDC, 2016), individuals with physical,
developmental, or intellectual disabilities or chronic
conditions or injuries, the homeless, and pregnant women are
not. The 2012–16 ACS 5-year estimates were used to consider
the number of disabled residents in the nine-county region
and in the areas of concentrated damage. Specifically, we
considered the data on receipt (or not) of Federal food stamps
and (or) the Supplemental Nutrition Assistance Program in the
past 12 months by disability status, to estimate total number of
households with at least one disabled resident.
Table B10 lists the 2012–16 ACS 5-year estimates of
households with at least one disabled resident for the nine counties
in the San Francisco Bay region. There is a total of 550,901
households with at least one disabled resident in the nine-county
region. Alameda, Santa Clara, and Contra Costa Counties have
the highest numbers, with an estimated 115,389 (21 percent),
111,598 (20 percent) and 92,963 (17 percent) households with
at least one disabled resident, respectively. Of these, there are an
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Figure B9. Map of the San Francisco Bay region, California, showing the census block groups in the areas of
concentrated damage resulting from the HayWired earthquake scenario mainshock where the percentage of schoolage (kindergarten through 12th grade) children is greater than the regional mean plus one-half standard deviation (that
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Development Commission (BCDC) are also shown. Data from ABAG and BCDC (2016) and U.S. Census Bureau (2018).
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Table B10. Number of households with at least one disabled
resident in the nine counties of the San Francisco Bay region,
California.
[Data from U.S. Census Bureau (2018)]

County
Alameda County
Contra Costa County
Marin County
Napa County
San Francisco County
San Mateo County
Santa Clara County
Solano County
Sonoma County
Nine-county total

Households with one or
more disabled residents
115,389
92,963
18,748
11,794
70,595
46,351
111,598
38,122
45,341
550,901

estimated 63,408 households with at least one disabled resident in
the areas of concentrated damage. The majority are in the areas of
concentrated damage in Alameda County. The central Alameda
County subarea has the greatest number of households (39,031)
with at least one disabled resident in areas of concentrated damage.
In the areas of concentrated damage, there are 31,993
households with at least one disabled resident in the 2010 census
block groups where the concentrations of households with at
least one disabled resident are much higher than other block
groups. These areas were identified by calculating the mean for
the percentage of the total households in a block group that have
at least one disabled resident for the nine-county region and then
adding one-half standard deviation (also calculated using the same
nine-county block groups) to the regional mean. To be considered
an area with a high concentration of households with at least one
disabled resident, more than 26.14 percent of the total households
for a block group must have at least one disabled resident.
This method is consistent with the approach used to obtain the
threshold values for the CVIs. These data are available in Jones
and others (2020).
Figure B10 shows the 2010 census block groups that have
high concentrations of households with at least one disabled
resident in the areas of concentrated damage. The block groups
in the areas of concentrated damage that have a CVI score of
5 or more are also shown. There are notable overlapping areas
with high concentrations of households with at least one disabled
resident and areas with a CVI score of 5 or more in the western
Contra Costa County and the central Alameda County economic
subareas. This provides some indication of where persons with
disabilities may be yet another indicator of displacement risk in the
areas of concentrated damage.

Homeless Populations
Homeless populations in the San Francisco Bay region will
also be affected by a major earthquake with potential limitations
on access to heavily damaged neighborhoods, loss of social and

community services, and damage to homeless shelters, and could
be at risk of displacement or protracted relocation.
There are four federally defined categories under which
individuals and families might qualify as homeless: literally
homeless, imminent risk of homelessness, homeless under
other Federal statutes, and fleeing or attempting to flee domestic
violence (HUD, 2012). The U.S. Department of Housing and
Urban Development (HUD) requires that communities receiving
Federal funding conduct an annual count of all persons living in
emergency shelters and transitional housing; unsheltered homeless
populations counts are required every other year. These homeless
point-in-time surveys identify whether a person is an individual,
a member of a family unit, or an unaccompanied youth under
the age of 18 or between ages 18 and 24, and whether a person is
chronically homeless or has a disability (National Alliance to End
Homelessness, 2012). Unfortunately, this data is only available for
counties and select cities.
Table B11 provides the sheltered and unsheltered homeless
populations in the nine counties based upon the most recently
available point-in-time surveys (County of San Mateo Human
Services, 2017; Applied Survey Research, 2018; Contra Costa
Health Services, 2018; County of Napa, 2018). The total
homeless population for the nine counties is 28,213 with the
largest percentages in San Francisco (27 percent), Santa Clara
(26 percent), and Alameda (20 percent) Counties. However, it is
important to note that Contra Costa and San Mateo Counties did
not have sheltered homeless counts available; for those counties,
the total homeless population and unsheltered homeless population
are the same. Of the cities that have one or more census tracts
located in an area of concentrated damage, those that have the
largest homeless populations in their respective counties are:
Oakland (2,761, or 49 percent of the Alameda County total),
Berkeley (972, or 17 percent of the Alameda County total),
Richmond (population 270, or 18 percent of the Contra Costa
County total), Novato (population 350, or 31 percent of the Marin
County total), and Vallejo (population 402, or 37 percent of the
Solano County total).

Young and Mobile Populations
Young and moderate- to high-income renters were not
identified in the ABAG/BCDC community vulnerability
indicators, but may represent a cohort of the population with
means, mobility, and a lack of social ties or tolerance for staying
in the region after a major earthquake like that in the HayWired
scenario. A major regional disruption to housing, jobs, and transit
could be the tipping point for many people to voluntarily relocate
to another city or region, and this group may be especially likely
to do so if they can continue working for the same employer, if
their employer sustains significant damage or disruption, or if
their employer chooses to relocate for some other reason. This
occurred in a few of the more affluent neighborhoods of Sherman
Oaks, California, that suffered heavy damage to multifamily rental
units and condominiums and experienced voluntary outmigration
by residents, even from undamaged properties after the 1994

Chapter U. Analysis of Communities at Risk in the HayWired Scenario   95
122°30'
SONOMA

101

122°
NAPA

80
SOLANO

Vallejo
"

Novato

Novato

Vallejo

"

San Pablo
Bay

MARIN

San Rafael

38°

Pittsburg

Western Contra
Costa County

"
"

"

Concord

Antioch

"

Richmond

"

CONTRA COSTA

"

Berkeley

Walnut Creek
"

Northern
Alameda
County

680
"

Oakland
"

SAN FRANCISCO

Alameda

San Leandro

"

Daly
City
"
South San
Francisco

Dublin-Pleasanton

"

"

San Francisco Bay

Central
Alameda
County

Hayward

San Mateo

ALAMEDA

"

Fremont

Redwood City
Map
area

"

Union City

PACIFIC OCEAN

37°30'

Pleasanton

"

280

CALIF.

"

"

Southern
Alameda
County

SAN MATEO

"

Hydrology from U.S. Geological Survey National Hydrography Dataset, 2016
Boundary data from U.S. Census Bureau TIGER data, 2016
Park and highway data from OpenStreetMap, 2017
Universal Transverse Mercator zone 10 north projection
North American Datum of 1983
EXPLANATION
Area with high concentration of
households that have one or more
disabled resident
Area with CVI score of 5 or more
Area of concentrated damage
Area of less-concentrated damage

0
0

5
5

Milpitas
10 MILES

10 KILOMETERS

Economic subarea boundary
Census tract boundary
Central business district
Hayward Fault rupture
Highway

Nondeveloped area
Preserved land

Figure B10. Map of the San Francisco Bay region, California, showing the census block groups in the
areas of concentrated damage resulting from the HayWired earthquake scenario mainshock where the
percentage of households with at least one disabled resident is greater than the regional mean plus onehalf standard deviation (that is, 26.14 percent). The block groups in the areas of concentrated damage
that have a community vulnerability indicator (CVI) score of 5 or more from the Association of Bay Area
Governments (ABAG) and San Francisco Bay Conservation and Development Commission (BCDC) are also
shown. Data from ABAG and BCDC (2016) and U.S. Census Bureau (2018).
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Table B11. Sheltered and unsheltered homeless populations for the nine counties in the San Francisco Bay region, California.
[--, no data available]

County
Alameda County1
Contra Costa County2
Marin County1
Napa County3
San Francisco County1
San Mateo County4
Santa Clara County1
Solano County1
Sonoma County1
Region total

Year
collected
2017
2018
2017
2018
2017
2017
2017
2015
2018
2015–2018

Sheltered homeless population
Population
Percentage
1,766
20
--409
5
168
2
3,146
36
--1,946
22
287
3
1,067
12
8,789
100

Data from Applied Survey Research (2018).

3

Data from Contra Costa Health Services (2018).

4

1
2

Unsheltered homeless population
Population
Percentage
3,863
20
1,537
8
708
4
154
1
4,353
22
637
3
5,448
28
795
4
1,929
10
19,424
100

Total homeless population
Population Percentage
5,629
20
1,537
5
1,117
4
322
1
7,499
27
637
2
7,394
26
1,082
4
2,996
11
28,213
100

Data from County of Napa (2018).
Data from County of San Mateo Human Services (2017).

Northridge earthquake (Olshansky and others, 2005). Such
outmigration could potentially hinder community-level recovery
as well as the recovery of the regional economy.
A 2017 poll found that 51 percent of voters in the San
Francisco Bay region have considered leaving because of rising
housing costs (Robertson, 2017). According to another recent
study, millennials feel especially priced out of housing in the
region, with only 24 percent surveyed believing that they will
be able to afford a desirable home (Scheinin, 2016). Heavy
transportation burden could also influence relocation decisions in
this population group.
According to the 2012–16 ACS 5-year estimates, there are
1,625,852 persons between the ages of 20 and 34 in the ninecounty San Francisco Bay region. The 2012–16 ACS 5-year
estimates also offer data on a number of household characteristics
that could help target potential mobile households that are
younger, more affluent, and lack family ties and obligations.
Table B12 provides the number of households and percentage
of households in the nine-county region with a select set of
characteristics that together could help identify clusters of
potentially young and mobile populations. They are: householders
between the ages of 25 and 34 who identified as renters and thus
may have fewer obligations and ties than younger homeowners;
more affluent householders under age 45 with income greater than
the county median; households with rental costs that are higher
than the county median who may, thus, have an incentive to
voluntarily relocate; and, non-family households without children
and, thus, with potentially fewer obligations and ties.

Across the nine-county region, approximately two-thirds
of renter householders between the ages of 25 and 34 (212,327
households) reside in block groups where the concentrations of
young renter householders are greater than the regional mean
plus one-half standard deviation (16.47 percent). Of these,
approximately 79 percent, or 168,663 renter householders between
the ages of 25 and 34, reside in block groups that also have at least
one other mobile-population attribute in concentrations higher
than the defined threshold values (26.43 percent, householders
under 45 with income greater than county median; 75.87 percent,
households with rent higher than county median; 41 percent,
non-family households without children). This suggests that there
are neighborhoods throughout the nine-county region with high
concentrations of potentially young and mobile populations.
In the areas of concentrated damage for the HayWired
scenario, there are 24,243 renter householders between the ages
of 25 and 34 in block groups where the concentration of young
renter householders is greater than the regional mean plus one-half
standard deviation. Of these, 14,110 young renter householders (or
58 percent) reside in block groups that also have at least one other
attribute with concentrations higher than the defined threshold
values. These data are available in Jones and others (2020).
Figure B11 shows the 2010 census block groups that
have high concentrations of renter householders between the
ages of 25 and 34 in the areas of concentrated damage and
those block groups that have high concentrations of young
renter householders who also have at least one other mobilepopulation attribute with concentrations above the defined

Table B12. Households in the nine-county San Francisco Bay region, California, with selected attributes of potentially young and mobile populations.
[Data from U.S. Census Bureau (2018)]

Demographic characteristic
Renter householders between 25 and 34
Householders under 45 with income greater than county median
Households with rent higher than county median
Non-family households without children

Number in the
nine-county region
321,507
583,286
706,971
906,520

Percentage of the
nine-county region
12
22
59
34
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Figure B11. Map of the San Francisco Bay region, California, showing the census block groups in the areas of concentrated
damage (all building occupancies) resulting from the HayWired earthquake scenario mainshock where the percentage of
renter householders aged 25 to 34 is greater than the regional mean plus one-half standard deviation and those areas that
also have one additional young and mobile indicator that exceeds the regional mean plus one-half standard deviation. The
block groups in the areas of concentrated damage that have a community vulnerability indicator (CVI) score of 5 or more
from the Association of Bay Area Governments (ABAG) and San Francisco Bay Conservation and Development Commission
(BCDC) are also shown. Data from ABAG and BCDC (2016) and U.S. Census Bureau (2018).
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threshold values. The block groups in the areas of concentrated
damage that have a CVI score of 5 or more are also shown.
There are a few overlapping areas with high concentrations of
potentially young and mobile populations and areas with a CVI
score of 5 or more, most notably in Vallejo, Pinole, areas near
Lake Merritt, near the west side of Oakland, and Union City.
These are areas where young and mobile populations might
choose to voluntarily relocate because of the high levels of
damage and neighborhood disruption, as well as displacement
of more socioeconomically disadvantaged neighbors.

Emergency Sheltering and Interim
Housing Influences on Population
Movements through Time
Quarantelli (1995) defined four types of postdisaster
housing recovery: emergency shelter, temporary shelter,
temporary housing, and permanent housing. Emergency shelter
typically refers to the quarters that actual or potential disaster
victims seek outside their own homes for short periods (on
the order of hours to days). Temporary shelter refers to the
quarters that accommodate displaced people with an expected
short or temporary stay (on the order of days to a few weeks).
Temporary housing, also referred to as interim housing,
typically provides more than just shelter, but an opportunity
for occupants to reestablish normal household routines,
responsibilities, and activities to the extent possible (on the
order of months to years). Permanent housing constitutes rebuilt
homes as well as new quarters that disaster survivors occupy on
a permanent basis.
Though there is a progressive nature to these descriptions,
disaster survivors do not necessarily follow them in a successive
order and some distinctions are not always clear, such as when
temporary housing becomes permanent or when emergency
shelters transition into temporary shelters out of necessity
(Quarantelli, 1995). Furthermore, members of a disasterimpacted community can be found simultaneously in every
type, skip certain types, and have many repetitive stays as
well as extended stays in any of the postdisaster housing types
(Peacock and others, 2007).
It is now established practice for Federal, State, and
local emergency management plans and policies to address
emergency shelter and mass care needs, including for largescale, urban disasters like the HayWired scenario. Planning and
policy development for interim and permanent housing is much
newer, stimulated to a great extent by Congress’s mandate,
following Hurricane Katrina, to Federal agencies to develop
a national disaster housing strategy (Federal Emergency
Management Agency [FEMA], 2009). Table B13 identifies

some of the key features of Federal, State, and local emergency
plans that are likely to guide emergency shelter and interim
housing policies and actions following a major earthquake in
the San Francisco Bay region.
The concept of operations for how government and
nongovernmental organizations will coordinate to assist
with immediate sheltering, feeding, tracking, and ground
transportation for populations in transit during the first hours
and days after a major earthquake are generally well described.
However, the longer term, forced or voluntary, displacements of
people and the interim and permanent housing needs resulting
from building damage and fires, lifeline infrastructure damage
and outages, and environmental health threats following a major
earthquake are not as well addressed in these plans.

Potential Population Needing Emergency
Shelter and Interim Housing
The analyses of building damage, lifeline infrastructure
outages, and population in the areas of concentrated damage
offer a range of perspectives on the number of households that
may need emergency shelter and interim housing following
the Mw 7.0 mainshock of the HayWired scenario. Table B14
provides a summary of the different estimates that have been
developed in previous parts of this section. The analyses of
the combined effects of potential residential building damage
and lifeline utility outages produces ranges of 60,994 to
520,210 households and 170,206 to 1,451,838 people at risk of
displacement from the Mw 7.0 mainshock, or 2 to 20 percent of
the nine-county region totals.
For comparison, a study of the spatial economic demand
shifts in Louisiana, Mississippi, and Alabama found that, one year
after Hurricane Katrina, the counties and parishes encompassing
the core disaster area lost an average of 23.1 percent of their
population (Xiao and Nilawar, 2013). The “Bay Area Earthquake
Plan” estimates that approximately 330,000 individuals would
immediately seek sheltering support after a major earthquake on
the San Andreas or Hayward Faults (Cal OES, DHS, and FEMA,
2016), and the Bay Area Urban Area Security Initiative (Bay
Area UASI) “Regional Catastrophic Earthquake Interim Housing
Plan” estimates 400,000 displaced households, of which 160,000
households will still need shelter one year after a Mw 7.9 earthquake
on the San Andreas Fault (Bay Area UASI, 2011). Neither of
these plans considers the possibility of widespread fires and
extensive lifeline utility disruptions. Thus, the customized Hazus
analysis estimates by Seligson and others (2018) of nearly 153,000
displaced households (or 6 percent of the nine-county households)
and 48,050 people seeking public shelters (less than 1 percent of
the nine-county population) might be considered lower bounds of
the region’s likely needs in the HayWired scenario. Other estimates
provided by the analyses herein may be more appropriate.
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Table B13. Key Federal, State, and regional plans that will guide emergency response in a major San Francisco Bay region, California,
earthquake.
[DHS, Department of Homeland Security; FEMA, Federal Emergency Management Agency; Cal EMA, California Emergency Management Agency; Cal OES,
California Governor’s Office of Emergency Services; Bay Area UASI, Bay Area Urban Area Security Initiative; Mw, moment magnitude]

Federal, State, or regional plan
Key purpose, objectives, and guiding principles
National Response
Defines the Federal structure for disaster response in a federally declared emergency or disaster as well as the
Framework (FEMA, 2013)
core capabilities and specific emergency support functions that the Federal Government will address in disaster
response. These include public information and warning; transportation; mass care, emergency assistance,
temporary housing, and human services; public health and medical services; and public safety and security. All
State and local governments are expected to plan their role in these areas as well.
Mass Evacuation Incident
Provides an overview of Federal functions, agency roles and responsibilities, and the overarching guidelines for
Annex of the National
supporting the evacuation of large numbers of people in incidents where State, Tribal, or local governments may
Response Framework
or have become overwhelmed or incapacitated and mass evacuation support is required in a federally declared
(FEMA, 2008)
emergency or disaster. It acknowledges the responsibility of States in affected areas, in conjunction with other
States, to decide on the destinations for evacuees and to regulate the flow of transportation assets accordingly.
National Disaster Housing
Defines the principles, roles, and responsibilities of Federal, State, and local governments and nongovernmental
Strategy (FEMA, 2009)
organizations in the provision of emergency shelters, interim housing, and permanent housing in a federally
declared emergency or disaster. It establishes a National Disaster Housing Task Force, composed of Federal
agency partners, to provide technical expertise and calls for State-led task forces to take the lead in developing
interim housing options postdisaster.
State of California State
Describes the State’s emergency operations and processes for mutual aid, resource mobilization, public information,
Emergency Plan (Cal
and continuity of government during a State-level emergency or disaster. It also defines the Standardized
EMA, 2009)
Emergency Management System that all State and local organizations are to follow in order to enhance
coordination among response organizations and facilitate the flow of emergency information and resources within
and between the organizational levels. It also specifically designates local government as the first level of response
for meeting the disaster needs of people, such as emergency care and shelter, within its jurisdiction. Local
government can contract with recognized community organizations to provide these facilities and services.
Bay Area Earthquake Plan
Developed by the State of California, in cooperation with DHS and FEMA, it provides a general framework for
(Cal OES, DHS, and
how State and Federal agencies will respond to a catastrophic earthquake. It specifically addresses the access and
FEMA, 2016)
movement of response-related resources into the earthquake-affected region and calls for the establishment of
State and Federal task forces to execute strategies to support survivor movement operations and mass care and
feeding operations. These include coordinating with local and regional agencies and organizations to provide
mass care support at pre-identified sites along survivor movement routes and assisting with the tracking, feeding,
and ground transportation of people in transit. If the earthquake occurs during the workday period, it assumes
that most of the commuting population will require movement support to return to their homes. It also addresses
immediate housing needs, specifically the evacuation and short-term (or temporary) sheltering needs. It assumes
that most residents impacted by the disaster will be able to shelter in place in their homes or neighborhoods,
requiring life-sustaining supplies such as food and water, and that some survivors will choose to evacuate outside
of the affected area. It notes that sheltering areas exist across 16 northern California counties and that there is
additional capacity available elsewhere in California and the adjoining states of Oregon, Nevada, and Arizona.
Bay Area Urban Area SePart of a series of catastrophic planning documents for the region, it is consistent with State and Federal response
curity Initiative Regional
planning and should be viewed as a supporting plan to the “Bay Area Earthquake Plan.” It takes an in-depth look
Catastrophic Earthquake
at the regional need for interim housing, using a Mw 7.9 earthquake on the San Andreas Fault for its scenario.
Interim Housing Plan (Bay
It sets goals and objectives for the provision of interim housing during the first 12 months after the earthquake
Area UASI, 2011)
and defines roles and responsibilities for Federal, State, and local governments as well as the private and
nongovernmental sectors.
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Table B14. Estimates of potential populations at risk of displacement following the moment magnitude 7.0 mainshock of the HayWired
earthquake scenario in the San Francisco Bay region, California.
Displacement analysis method

Displaced households1

Displaced people2

Percentage of ninecounty region totals

Nine-county region
Customized Hazus analysis

152,438

412,954

6

Customized Hazus analysis with 20-percent increase for lifeline
outages

183,457

497,158

7

Integrated building damage data analysis with 20-percent
increase for lifeline outage3

212,281–267,510

571,037–719,601

8–10

487,698–765,402
170,206–363,215
1,024,266–1,451,838

7–10
2–5
14–20

Areas of concentrated damage4
All occupancies combined
Single-family/duplex occupancy class
Multifamily occupancy class

172,484–267,631
60,994–128,543
361,948–520,210

Uses 2000 U.S. Census data.

1

County-level average household size from the 2010 U.S. Census was used to calculate displaced population estimates for the mainshock.

2

A range of estimates is provided to account for the variations in housing units possible in each of the multifamily residential occupancy classes.

3

The lower bound for ranges in this section are total households or people in areas of concentrated damage caused by earthquake hazards (ground shaking,
landslides, and liquefaction) and the upper bounds are total households or people in areas of concentrated damage caused by earthquake hazards and fire. It is not
likely that all households or people in areas of concentrated damage would be displaced, but neighborhood-serving infrastructure and services and heavy levels
of surrounding building damage could lead to higher rates of displacement than less damaged areas.
4

Emergency Shelter Issues
Since the hypothetical mainshock of the HayWired
scenario strikes on April 18, 2018 at 4:18 p.m., it is likely that
a large part of the region’s workday commuting population
will require initial shelter, at least for the first night, as well
as movement support in order to return home in the days that
follow. However, transportation system damage, ensuing fires,
environmental hazards, and access controls may exacerbate
and prolong emergency shelter needs.
For those residents who are able to shelter in place in
their homes or neighborhoods, many may still require lifesustaining supplies, such as food and water. Some survivors
will voluntarily evacuate outside the affected area, seeking
public shelter or to stay with family and friends or in available
hotels, motels, and other short-term options.
The “Bay Area Earthquake Plan” looks at catastrophiclevel scenarios on both the San Andreas and Hayward
Faults—with a Mw 7.0 earthquake on the Hayward Fault that
is centered roughly 4 kilometers (km) northeast of the City
of Richmond (Cal OES, DHS, and FEMA, 2016). The Mass
Care Task Force defined by the plan—to be composed of State
and Federal agencies and augmented by nongovernmental
organizations, such as the American Red Cross—is responsible
for addressing the needs of an estimated 550,000 commuters
and approximately 330,000 individuals immediately seeking
sheltering support after a major earthquake and feeding
operations for approximately 1.75 million people per day and
water services for as many as 5 million people.

The “Bay Area Earthquake Plan” also estimates that there
are about 2,000 shelters in the 16-county region6 that, as of
January 2014, could accommodate about 800,000 evacuating
individuals and 280,000 individuals who require temporary
shelter. However, damage to potential shelter sites and personnel
shortages (including a shortage of building inspectors to assess
safe entry to these sites), may substantially reduce the actual
available number. Shelters also need to be accessible to persons
with disabilities or other access and functional needs.
In the HayWired scenario, available shelters in the nine-county
region may quickly reach capacity, especially in heavily impacted
areas, such as Alameda and Contra Costa Counties. In this case,
the “Bay Area Earthquake Plan” identifies potential host areas in
surrounding counties, such as Mendocino, Sacramento, Yolo, San
Joaquin, San Benito, Monterey, and Santa Cruz Counties that are
less likely to sustain heavy damage. If the immediate sheltering
needs exceed the 16-county regional sheltering capacity, some
people may need to relocate to other parts of California or adjoining
States. The “Bay Area Earthquake Plan” estimates that there is
additional shelter capacity for millions elsewhere in California and
the adjoining States of Oregon, Nevada, and Arizona. As revealed
after Hurricane Katrina, people who are displaced farther away from
their home communities are more likely to have difficulty returning,
especially socioeconomically vulnerable populations (Weber and
Peek, 2012; Esnard and Sapat, 2014).
6
This includes the nine-county region abutting San Francisco Bay, plus adjoining
counties of Mendocino to the north; San Joaquin, Yolo, and Sacramento to the east;
and Santa Cruz, San Benito, and Monterey to the south.
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Interim Housing Issues
In the days and weeks following the Mw 7.0 mainshock of
the HayWired scenario, many displaced residents may be able
to return to their neighborhoods and homes as access controls
are lifted, lifeline utility services are restored, and structures are
deemed safe to reoccupy. The occupants of damaged housing units
will most likely need alternative, or interim, housing while repairs
and rebuilding take place, or until other permanent housing is
available. Interim housing needs could also increase significantly if
the recovery times for critical sewer, water, energy, transportation,
education, and health services are extensive.
The “Bay Area Earthquake Plan” calls for the postdisaster
formation of a joint State and Federal housing task force to
expedite Federal assistance and develop programs that provide
adequate, affordable, and appropriate housing for all affected
communities, including those with access and functional needs
(Cal OES, DHS, and FEMA, 2016). Three assistance programs
that tend to dominate the form and pace of interim housing
supplies after federally declared disasters are as follows:
• FEMA’s Transitional Sheltering Assistance pays hotels
and motels directly for short-term lodging for disaster
survivors and evacuees for an initial period of 5–14 days,
with extensions possible (FEMA, 2018; Webster, 2019).
• The FEMA Individual Assistance programs provide
funds to homeowners to repair damages and for
temporary housing assistance, typically in the form of
manufactured homes and directly leased multifamily
rental properties for as long as 18 months, with
extensions possible. FEMA can also provide direct
assistance to repair moderately damaged homes for
applicants with limited resources (FEMA, 2019).
• The HUD Housing Choice Voucher program, public
housing program, and project-based rental assistance
programs provide temporary housing for individuals
and families who were receiving assistance before the
disaster as well as others (McCarty and others, 2005).
The “Bay Area Earthquake Plan” and the “Regional
Catastrophic Earthquake Interim Housing Plan” are consistent
with the “National Disaster Housing Strategy” in prioritizing
the use of existing housing resources, such as vacant rental
properties, hotels, and motels, to the extent that they are
available, ahead of temporary housing installations, such as
manufactured homes or other forms of interim housing that
have to be constructed (FEMA, 2009; Bay Area UASI, 2011;
Cal OES, DHS, and FEMA, 2016).
Using existing housing resources will be difficult. The San
Francisco Bay region has been experiencing housing shortages
and affordability issues for both for-sale and rental housing and
at all income levels since at least the 1990s (Metcalf, 2017). In
2016, RealtyTrac reported that housing vacancies were nearly
nonexistent, with the San Jose metropolitan area at 0.2 percent
and San Francisco at 0.3 percent (Pacific Union, 2016). The
post-earthquake demand for interim housing will rapidly deplete
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any available rental units, as well as hotel and motel rooms
that will also be in demand by post-earthquake response and
recovery personnel.
Temporary housing units (for example, trailers, manufactured
homes, and alternative units) may need to be constructed or
brought into the region. At its peak capacity, FEMA has been able
to provide direct housing support for more than 10,000 households
per month using temporary housing units such as manufactured
homes (Bay Area UASI, 2011). At this rate of production and
installation, it would take months to meet the demand following
a major earthquake like the HayWired scenario. Single-unit
installations of temporary housing, such as on an existing singlefamily home site, are generally faster to complete than the
construction of group, or community, temporary housing sites.
Community temporary housing sites may require site preparation,
utilities, access roads, and security structures and typically take
60 to 90 days to complete (Bay Area UASI, 2011). Such sites
also need access to transportation, schools, health care, and other
community services.
With the available housing stock reduced, for-sale and rental
housing prices are also likely to increase, perhaps dramatically,
in the nine-county region. Housing price escalations occurred
in Sonoma County and the northern bay region following the
2017 wildfires, requiring local officials to prohibit rental housing
price gouging (City of Santa Rosa, 2017) and consider additional
eviction protections for renters (McCallum, 2017).
As of March 2019, the median home sale price for the
nine-county region was $830,000, which is nearly four times
the national average, with the median prices in Alameda and
Contra Costa Counties at $822,000 and $603,000, respectively
(CoreLogic, Inc., 2019). ADOBO puts San Francisco, Oakland,
and San Jose in the top ten highest rent cities in the country
(Weber, 2017). Rents averaged $2,731 monthly in the San
Francisco Bay region in October 2018, an increase of 4.5 percent
year over year, with San Francisco rents reaching an average of
$3,650, the highest in the country (Littman, 2018). As a result,
homeowners and renters in the nine-county region have been
spending more of their income on housing than anywhere else
in the United States, averaging more than 40 percent in San
Francisco and San Jose in 2017 (Zillow Research, 2017). Many
low-income neighborhoods in the San Francisco Bay region have
already been undergoing gentrification and displacement and
high-income neighborhoods have been rapidly losing their existing
low-income populations (Zuk and Chapple, 2015).
Renters, particularly lower income renters, and people
with access and functional needs may have more difficulty
finding alternative housing. Displaced households from public
housing or those displaced individuals and families relying on
Housing Choice Vouchers (HCV) or other housing subsidies
may be especially vulnerable to displacement, or have a harder
time finding alternative housing, because of their financial
constraints. In recent years, the San Francisco Bay region’s
housing shortage and high rental prices have dramatically
affected low income people using HCVs and other forms of
housing subsidies. As an example, between 2014 and 2016,
the City of Oakland lost 1,200 of its 7,000 HCV landlords
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(Drummond, 2016). HCV households present a long-term
recovery challenge (see section C).
Past disaster studies have also shown that individuals and
families enduring interim and irregular housing situations for
months and years after a disaster are more vulnerable to physical,
social, and mental disorders, including suicide, substance abuse,
and physical and verbal abuse (Enarson and others, 2007;
Tatsuki, 2007; Nielsen, 2015). After the 2010–11 Canterbury,
New Zealand, earthquake sequence, semi-annual surveys of the
wellbeing of the region’s residents identified major individual
and household stressors that included anxiety caused by ongoing
aftershocks and added pressures resulting from living in a
damaged environment, insurance settlement issues, difficult
transport, and additional work-related demands (Nielsen, 2015).
Aftershocks in the HayWired scenario would not add substantial
numbers to the interim housing demands but there could be ripple
effects for mental health, displacement, and housing.

Potential Receiving Communities for Displaced
Populations
In a major earthquake, like that in the HayWired scenario,
widespread housing damage and preexisting housing market
constraints in the San Francisco Bay region will make it
extremely challenging to provide quick and affordable
interim housing resources and keep people near their home
communities, especially in areas of concentrated damage.
Socially and economically vulnerable populations have a
much harder time finding alternative housing near their home
communities (Peacock and others, 2014; Fussell, 2015). As a
result, tens of thousands of households may be required to leave
their home communities to find available housing. More distant
and more permanent relocations may also result from the lack of
interim housing resources.
The “Bay Area Earthquake Plan,” “Regional Catastrophic
Earthquake Interim Housing Plan,” “National Disaster Housing
Strategy,” and other Federal, State, and local emergency plans
identified in table B13 do not offer much guidance on the potential
“receiving communities” for residents displaced from their home
communities by a major earthquake, like the HayWired scenario.
However, past disaster experiences have shown that emergency
sheltering and interim housing decisions made and actions
taken early on in a major disaster by local, State, and Federal
response personnel may greatly influence the geographic pattern
of population displacement and locations of potential receiving
communities (Mueller and others, 2011; Esnard and Sapat,
2014). Studies of the spatial economic demand shift in Louisiana,
Mississippi, and Alabama after Hurricane Katrina showed that
people migrated to places at the edge of the disaster area with
minimal to no damage and, in some instances, stayed there for
several years (Xiao and Nilawar, 2013).
Similarly, after Hurricane Katrina, jobs migrated to the
edge of the disaster area; the area was predisposed for growth
and there were advantages of staying close (Xiao and Nilawar,
2013). Wein, Belzer, and others (this volume) find that nearly

420,000 employees live and (or) work in areas of concentrated
damage; specifically, about 230,000 employees work in areas of
concentrated damage and about 96,000 people also live in these
areas. Residents in Alameda County work closer to home, but
tens of thousands of employees living in areas of concentrated
damage work further afield in San Francisco and Santa Clara
Counties (about 50,500 and 32,500 employees, respectively).
The availability of interim housing for displaced households in
the vicinity of San Francisco and Santa Clara County jobs could
influence whether these households would remain in the region.
Given these insights and constraints, it is likely that
communities with the capacity to become major receiving
communities will be outside the central urbanized core and in
less-damaged edge communities of the nine-county region as well
as in the seven surrounding counties—Mendocino, Sacramento,
Yolo, San Joaquin, San Benito, Monterey, and Santa Cruz
Counties—and particularly larger cities within these counties,
such as Sacramento, Stockton, Modesto, and Salinas. However,
the combination of damaged regional highways and the BART
system could severely impede commuter transport. Regional
emergency transportation plans to provide added capacity to the
region’s ferry and public transportation network after a major
disaster (Cal OES, DHS, and FEMA, 2016; San Francisco Bay
Area Water Emergency Transportation Authority, 2016) would
need to be extended both further afield and over a longer period
of time to enhance the viability and desirability of interim housing
options in some of these areas. Others may relocate to other parts
of California, the adjoining states of Oregon, Nevada, and Arizona,
or even further afield.
All displaced households will require much more than
housing and there will be simultaneous increased demands on
community services and infrastructure in receiving communities.
Displaced households will have needs for basic necessities, health
care and employment assistance, childcare and access to schools,
and other community services. It is important that receiving
communities plan for and have support for these services, and that
the services be offered simultaneously or sequenced in a way that
helps settle residents and enhance their recovery (Tobin-Gurley
and others, 2010).

Anticipating Population Return
There are factors internal and external to disaster-impacted
areas that can influence the duration of displacement and rate
of population return (Fraser and others, 2003; Greer, 2015;
Husby and Koks, 2017). The restoration of damaged housing
or construction of new housing are major factors. Past disasters
have shown that it takes at least two years to replace a significant
portion of housing; multifamily and affordable housing is much
more difficult and slower to replace than single-family, marketrate housing (San Francisco Bay Area Planning and Urban
Research Association [SPUR], 2012). Aftershocks and an array
of postdisaster conditions, including additional damage; lack of
schools, health care, and other services; lack of social ties; delays
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in the recovery efforts; and concerns about future earthquake
risks, could also delay population return and increase potential
outmigration from the region. Furthermore, if displaced residents
find better schools, more affordable housing, and new jobs in other
places, they may delay returning or choose not to return to their
home communities, no matter how fast or effective the rebuild.
In Kroll and others (this volume), the macroeconomic
response to output losses from earthquake and fire damages
to buildings are compared to the San Francisco Bay region
economic forecast for employment, population, and gross
regional product. These economic indicators drop in the first year
(2018), start recovering in the second year, and the path back
to the forecasted levels takes at least 10 years. In the first year,
population declines caused by economic impacts range from
80,000 (with a recovery financing stimulus) to 336,000 (with
larger than forecasted outmigration). The largest uncertainty
in recovery is found to be increased construction costs that
exacerbate population losses until 2040. A technology-industry
exodus emerges as potentially the most enduring impact on
employment, population, and the gross regional product of the
region and does not fully recover by 2040.
Past disasters have also shown that population recovery
in some communities does not necessarily equate to a return
of predisaster residents (Johnson and Olshansky, 2017).
Postdisaster changes in the demographic composition of
impacted communities is common, with new people, notably
recovery workers and the reconstruction labor force, moving
in, sometimes permanently. For example, there is a larger
population of young adults and Latinos in the recovered city of
New Orleans than before Hurricane Katrina (The Data Center,
2019). The population of Christchurch, New Zealand, is also
younger and more male than before the 2010–11 Canterbury
earthquake sequence (Canterbury District Health Board, 2013).

Discussion
Disaster research in the United States has mainly focused
on short-term, localized population displacements and disasterrelated planning and policies for evacuations, emergency
and temporary sheltering, and population care; much less is
known about—and data is lacking on—long-term population
displacement and inmigration. Hurricane Katrina brought to
light the myriad voluntary and forced movements of people
that can occur over time and the disproportionate effects on
physically and socioeconomically vulnerable populations and
communities as a result of direct and indirect disaster impacts as
well as disaster policies and plans.
This section uses past disaster research and experiences
to consider the potential size and composition of the San
Francisco Bay region’s population and households that
could be displaced as a result of key physical impacts of the
HayWired earthquake scenario. The analysis explores a series
of socioeconomic vulnerabilities and attributes that could
contribute to postdisaster population displacement and people’s

ability to return. Other sections of the chapter also look at:
(1) Federal, State, and local emergency response policies and
plans, (2) other issues related to emergency sheltering and
temporary housing that may impact displacement, and (3)
potential issues influencing population return.
Three different approaches are taken to estimate populations
and households at risk of displacement owing to building damage
and other physical impacts of the HayWired scenario. The lower
end of household displacement estimates uses a customized
analysis in Hazus to estimate 152,438 households and 412, 954
people (or 6 percent of the nine-county region’s total households
and population) displaced by shaking and liquefaction damages to
buildings from the mainshock of the HayWired scenario. Based
on prior earthquakes, power and water outages are thought to
increase these estimates by 20 percent. The upper end estimate
includes damages from landslides and fires and the compounding
effects of concentrated damage (specifically, census tracts with
20 percent or more of the building square footage in an extensive
or complete damage state) from the HayWired mainshock. The
largest population exposure is in areas with concentrated damage
to multifamily dwellings, where a total of 520,210 households
and 1,451,838 people reside (or 20 percent of the nine-county
totals). County-level comparisons show as much as 23 percent of
households and population in Alameda County reside in the areas
of concentrated damage.
Longer term, forced or voluntary displacements of people
and the interim and permanent housing needs resulting from
building damage and fires, lifeline infrastructure damage
and outages, and environmental health threats following a
major earthquake are not well addressed in regionally focused
earthquake response plans. Neither the “Bay Area Earthquake
Plan” (estimating around 330,000 individuals will require shelter
after a major San Andreas Fault earthquake) nor the “Regional
Catastrophic Earthquake Interim Housing Plan” (estimating
around 400,000 displaced households after a Mw 7.9 San Andreas
Fault earthquake) consider the possibility of widespread fires and
extensive lifeline utility disruptions.
The short-term sheltering and interim housing affects
outcomes for displacement. Available shelters in the ninecounty region may quickly reach capacity, especially in heavily
impacted areas, such as Alameda and Contra Costa Counties.
The “Bay Area Earthquake Plan” identifies additional shelter
capacity in California and the adjoining States of Oregon,
Nevada, and Arizona. Populations who need to use these more
distant shelter options would be more likely to have difficulty
returning, especially socioeconomically vulnerable populations,
as seen after Hurricane Katrina (Weber and Peek, 2012; Esnard
and Sapat, 2014).
Returning occupants of damaged housing units will
most likely need alternative, or interim, housing while repairs
and rebuilding take place, or until other permanent housing is
available. The “Bay Area Earthquake Plan” and the “Regional
Catastrophic Earthquake Interim Housing Plan” prioritize the
use of existing housing resources, but housing shortages and
affordability will limit this option. It would take FEMA months to
meet the demand for temporary housing after a major earthquake
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like the HayWired scenario. With the available housing stock
reduced, for-sale and rental housing prices are also likely to
increase, perhaps dramatically, in the nine-county region. Renters,
particularly lower income renters, and people with access and
functional needs may have more difficulty finding alternative
housing through already impacted housing subsidy programs.
As indicated above, displacement is exacerbated by
socioeconomic vulnerability of affected populations. We explore
socioeconomic vulnerability characteristics of populations in
areas of concentrated damage of all building occupancies. A
series of ten socioeconomic characteristics, known to affect
the abilities of individuals and households to prepare for,
respond to, and recover from a disaster, are used to identify
the prevalence of vulnerability indicators for residents of areas
of concentrated damage. The analysis found that more than
350,000 people reside in block groups with ABAG/BCDC
community vulnerability indicator (CVI) scores of 5 or greater
in the areas of concentrated damage in Alameda, Contra Costa,
and Solano Counties. These areas correspond to a greater
prevalence of housing- and income-related indicators (for
example, lack of home ownership, high housing-cost burden,
low household incomes) and literacy indicators (for example,
low levels of education and more non-English speakers).
To fill in some gaps in identifying population groups that
past disasters have shown to have protracted or permanent
displacement or relocation, additional analyses using
2012–2016 ACS 5-year estimates were performed to identify
households with school-age children, persons with disabilities,
homeless populations, and young and mobile populations that
might voluntarily or forcibly be displaced from their home
communities in the HayWired scenario. Young and mobile
populations may represent a cohort of the population with
means, mobility, and a lack of social ties or tolerance for staying
in the region after a major earthquake like that in the HayWired
scenario. They were identified in terms of young (25–34 years
old) renter householders, households without children, and
above median county income or rental costs.
Communities with the capacity to become major receiving
communities will likely be outside the central urbanized core and
in less-damaged edge communities of the nine-county region
as well as larger cities in the seven surrounding counties—
Mendocino, Sacramento, Yolo, San Joaquin, San Benito,
Monterey, and Santa Cruz Counties. These receiving communities
will need plans to support increases in necessary community
services (health care, schooling, and so on) to help the inmigrating
population settle and recover.
Many factors affect whether displaced residents return
to their homes following a major disaster like the HayWired
earthquake scenario. Protracted housing stock restoration times
(particularly for multifamily housing), postdisaster conditions (for
example, recurring aftershocks), lack of community services, lack
of social ties, and flexibility of job locations, among others, could
delay population return or exacerbate outmigration. In addition,
some displaced people may prefer the amenities (schools, jobs,
and so on) in their receiving communities and choose to stay there
rather than returning. Postdisaster changes in the demographic

composition of impacted communities is common, with new
people, notably recovery workers and the reconstruction labor
force, moving in, sometimes permanently.
Assumptions and approaches taken in this analysis draw
heavily on the studies of forced and voluntary movements of
people after Hurricane Katrina, particularly in New Orleans. Some
areas of potential follow-up study to enhance our understanding of
the potential post-earthquake population displacement risks in the
San Francisco Bay region include:
• Systematic and integrated data collection on preexisting
physical (built and environmental), social, economic, and
political conditions of disaster-vulnerable communities in
the San Francisco Bay region. Although some such data
are available, particularly socioeconomic data, they are
rarely integrated with physical and political conditions.
• Gather more detailed information on emergency shelter
facilities and locations in the San Francisco Bay region
to evaluate their likely seismic performance and actual
sheltering capacity in this scenario and other potential
earthquake scenarios, which could then be used to
compare the potential population movements with shelter
capacity and better understand the relation between
sheltering and displacement.
• Research on the extent to which potential receiving
counties and cities in the San Francisco Bay region and
other parts of California are planning for resettlement of
disaster-displaced populations.
Areas of research revealed by this analysis that would
enhance the understanding of postdisaster population
movements and vulnerabilities and our ability to forecast and
potentially mitigate these risks include:
• Systematic and longitudinal study, in a variety of
postdisaster cases, of the factors influencing recovery
decision making by affected residents and governments
and the physical location, demographic composition, and
size of displaced population groups, as well as the likely
timing and conditions for their return or replacement,
especially within major racial/ethnic groups, for different
household income levels, and for different damage
thresholds and concentrations.
• Development of post-event monitoring and forecasting
tools for widespread and long-term population
displacement that go beyond current considerations of
income, race, and ethnicity to consider the effects of land
and building damage concentrations, utility outages,
secondary hazards of fire and environmental spills,
aftershocks, and other subsequent disasters.
• Development of postdisaster population retention goals
and targets for displacement management that ensure
community well-being and the social infrastructure
that communities, especially vulnerable communities,
depend on remain intact after a major earthquake.
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Section C

Long-Term Community Recovery Challenges
Introduction
“Reconstruction Following Disaster,” by Haas and others
(1977), was one of the first studies to take a comprehensive
and multidisaster view of community recovery after a disaster.
They found that the overall time that a community needs to
recover is a function of preexisting trends, damages suffered,
resources available for recovery, and leadership, planning, and
organization (Haas and others, 1977). Other longitudinal studies
of community recovery have observed the process of postdisaster
community recovery as being quite complex, with: differential
rates of recovery across communities (Alesch and others, 2009);
an array of social, political, and economic forces influencing the
recovery trajectories and outcomes for individuals, households,
and communities (Bolin and Stanford, 1998; Esnard and Sapat,
2014; Johnson and Olshansky, 2017; Sapat and Esnard, 2017); and
a phenomena of postdisaster “time compression” resulting from
the simultaneous demand to replace lost capital stock and services
(Olshansky and others, 2012, p. 173). Moreover, researchers also
now caution that recovery is not necessarily a given outcome, as
some communities never fully recover and change is an inevitable
part of the process (Alesch and others, 2009).
Reestablishing permanent housing is crucial to both
household and community-scale disaster recovery (Peacock
and others, 2007). If housing recovery is impaired, then other
dimensions of community recovery are also delayed. Looking
at a diverse range of natural disasters both in the United
States and abroad, Comerio (1998, p. 166–169) identified five
characteristics of the housing stock and its inhabitants that can
inform the capacity of a community to contain the degree of
postdisaster housing challenges:
• Composition of the housing stock, particularly singlefamily versus multifamily structures, with multifamily
structures typically presenting greater recovery challenges;
• Age and physical condition of the housing stock, as
indicators of structural vulnerability;
• Housing market conditions and vacancy rates and trends,
which tend to be amplified by a disaster;
• Rebuilding cost-to-debt ratios, which influence the
building-by-building decisions of owners; and the
• Social and economic status of survivors.
Even in a moderately-sized earthquake, like the 2014
moment magnitude (Mw) 6.0 South Napa earthquake, California,
the amount of earthquake damage, predisaster household
earnings, and wealth of the population were found to be major
predictors of housing recovery (Despotaki and others, 2017).

Longitudinal studies of housing recovery following the 1989
Loma Prieta and 1994 Northridge earthquakes (Comerio and
Blecher, 2010), 1992 Hurricane Andrew and 2008 Hurricane Ike
(Peacock and others, 2014), and 2005 Hurricane Katrina (Groen
and Polivka, 2010; Fussell, 2015) found that owner-occupied
housing and higher income neighborhoods generally suffered
less damage and recovered more quickly than rental housing
and lower income neighborhoods. Furthermore, multifamily
housing tends to recover more slowly and is more vulnerable to
abandonment, blight, neighborhood destabilization, and change
than single-family housing.
After a disaster, both people and housing face a host of
complex recovery dependencies and interdependencies with
each other and with other major elements of a community, like
infrastructure, critical services, and businesses, as they all work
to reconstitute themselves and recover (Miles and Chang, 2006;
Hayashi, 2007; Peacock and others, 2007). The resilience of
varying community elements, including residents, housing,
infrastructure, and institutions, can help to contain the degree of
postdisaster challenges and other cascading consequences. Also,
pre- and postdisaster policies, planning interventions, decisions,
and actions can strongly influence the cascading consequences of
disasters and the overall pace and effectiveness of the recovery
process (Smith and Wenger, 2007; Johnson and Olshansky, 2017).
The complexity of the postdisaster recovery process and
the lack of systematic data on preexisting conditions, physical
repair and recovery times, and outcomes from past disasters have
limited the development of quantitative metrics and models for
long-term disaster recovery at a community scale (Olshansky
and Chang, 2009; Despotaki and others, 2017). The Federal
Emergency Management Agency’s (FEMA) Hazus-MH 2.1
(hereafter referred to as Hazus) and other computer-based loss
estimation tools mainly provide estimates and information on
the immediate impacts, response needs, and economic costs of
disasters. Understanding the factors that most strongly influence
long-term recovery, as well as how certain policy and planning
interventions and other external factors can affect recovery, are
essential to advancing the development of community-scale
recovery modeling and metrics (Olshansky and Chang, 2009;
Siembieda, 2012; Nejat and Ghosh, 2016; Burton and Kang, 2017;
Despotaki and others, 2017).
This section of the communities-at-risk analysis examines
the long-term community recovery challenges that may result
from a major earthquake in the San Francisco Bay region, like
that in the HayWired earthquake scenario. It is organized around
three key issues: assembling the financing resources for recovery,
repairing and rebuilding damaged housing, and addressing areas
that require substantial governmental interventions and replanning
in order to recover. Chapters V1–V5 of the HayWired scenario
volume 3 provide a complementary perspective on potential
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impacts on businesses and jobs in different economic sectors,
relations between jobs and housing, as well as issues and timelines
associated with the region’s economic recovery.

Assembling the Financial Resources
for Recovery
Money fuels disaster recovery and its availability largely
determines the pace and scope of community recovery (Johnson
and Olshansky, 2017). In a major earthquake sequence like
that in the HayWired scenario, it will be difficult for residents,
businesses, and governmental and nongovernmental agencies
to quickly assemble the substantial resources necessary to fund
repairs and rebuilding.

Estimates of Total Losses in the HayWired Scenario
The HayWired scenario loss estimates are derived using
Hazus. These can be compared to loss estimates for insurance
purposes.

Hazus Loss Estimates
Seligson and others (2018) present their “best estimate”
of the losses for all building occupancy types caused by the
HayWired scenario mainshock and the 16 largest aftershocks as
totaling $82.6 billion in 2016 U.S. dollars. This includes:
• $53.3 billion in damage to the region’s buildings.
• $17.0 billion in damage to contents and commercial
inventories.
• $12.3 billion in building-damage-related income losses
(such as relocation costs, lost rent, and so on).
This estimate does not include damage to the region’s utilities
and transportation infrastructure, the losses resulting from
post-earthquake fires, or the indirect and induced economic
impacts that could result in considerable additional losses across
the region for several years. In the economics chapters of this
volume, Kroll and others (this volume) examine the effects
of building-damage-related output losses and transportation
disruption on gross regional product, population, and employment
and Sue Wing and others (in prep., planned to be published
as part of this volume) analyze direct, indirect, and induced
economic impacts of building capital losses and utility disruption.
Separately, Scawthorn (2018) estimates that fires following
the Mw 7.0 mainshock of the HayWired scenario would cause
about $30 billion (2016 U.S. dollars) in losses for the replacement
of structures, contents, and other improvements, as well as
additional living expenses. It is important to note that the Seligson
and others (2018) and Scawthorn (2018) estimates are not directly
additive because they assume different replacement cost values. In
addition, some buildings will have both fire and other earthquake

damage that, individually, might sum to more than the total
replacement value of the building.
In section A, fire-based building damage was integrated
with the Hazus property-damage assessments to remove the
potential double counting of losses for buildings with both fire and
other earthquake damage (referred to as “burned rubble”). The
additional complete property damage from fire is calculated by
taking the total building exposure (structural and nonstructural)
and the total building content exposure in the Hazus inventory
for each occupancy class and multiplying these exposures by
the additional proportion of the occupancy class square footage
burned by fire in each census tract. Applying Hazus replacement
values, additional losses from fire are about $20 billion (2016 U.S.
dollars). The difference is (1) removal of “burned rubble” and (2)
the lower average replacement cost of $168 per square foot for
the region’s buildings in Hazus (2016 dollars),7 which is less than
Scawthorn’s (2018) estimate of $200 per square foot. These results
can be found in Jones and others (2020).
An overall estimate of losses, based on (1) the Hazus
methodology for property and direct income losses across the
entire HayWired scenario earthquake sequence and (2) Hazus
property replacement costs applied to the Scawthorn (2018)
fire following earthquake (mainshock) damages after removing
burned rubble, sums to around $102 billion in damages (2016 U.S.
dollars). Of this, about 43.5 percent are residential losses and 56.5
percent are nonresidential losses.

CoreLogic Loss Estimates
CoreLogic, Inc. (2018) calculated the potential losses
for the HayWired scenario using the U.S. Geological Survey
ShakeMaps for the Mw 7.0 HayWired scenario mainshock and
the 16 largest magnitude aftershocks. Their estimate of $167.3
billion in potential damage to commercial and residential property
as well as automobiles caused by earthquake ground shaking,
landslide, liquefaction, and fire hazards includes $23.7 billion
in damage generated by the aftershock sequence. Commercial
property includes nonresidential properties that are contained in
the county assessor data, including government-occupied buildings
that pay property taxes. These damage estimates were developed
using the CoreLogic U.S. Earthquake Model, Risk Quantification
and Engineering modeling platform, and a proprietary database
of property insurance exposure data for commercial, residential,
and automobile lines of business. The commercial and residential
exposure data are for the general property insurance exposures, and
not the earthquake-specific peril policies. They represent the total
insured values for building, contents, and time element coverages
(for example, additional living expenses and business interruption).
Table C1 shows the county distribution of the CoreLogic,
Inc. (2018) estimates of total damage for commercial and
residential property and automobiles, including damage-related
business interruption, for the Mw 7.0 mainshock of the HayWired
7
Average replacement cost is calculated from the Hazus exposure value
divided by the Hazus square footage in the region. U.S. dollar values for 2005 are
adjusted to 2016 U.S. dollars using the Consumer Price Index value of 1.23.
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Table C1. CoreLogic, Inc. county-level estimates (in millions of dollars) of property damage for the moment magnitude 7.0 HayWired
scenario mainshock and aftershock sequence in the San Francisco Bay region, California.
[Values in millions of 2016 U.S. dollars. Totals may not sum exactly because of rounding. Data from CoreLogic, Inc., 2018. %, percent]

County

Commercial

County details
$28,065
$13,139
$1,150
$751
$7,902
$4,407
$14,241
$1,297
$3,601
$4,269
$78,821
Miscellaneous details
Percentage of county property damage subtotal for the mainshock
56.5%
$1,000
Fire damage total for the mainshock2, 3
Sprinkler damage total for the mainshock3
$1,000
Cumulative damage from aftershocks
$14,789
Total
$95,610

Alameda
Contra Costa
Marin
Napa
San Francisco
San Mateo
Santa Clara
Solano
Sonoma
Surrounding counties1
Subtotal of county property damage for the mainshock

Residential

Automobile

Total

$32,235
$7,620
$806
$343
$1,975
$3,209
$10,471
$681
$1,890
$1,123
$60,352

$208
$50
$6
$5
$18
$25
$83
$8
$21
$26
$451

$60,509
$20,809
$1,962
$1,099
$9,895
$7,641
$24,795
$1,986
$5,512
$5,418
$139,625

43.2%
$1,000
$1,000
$8,762
$71,114

0.3%

$134
$585

Percentage
of total
damage
43
15
1
1
7
5
18
1
4
4

$2,000
$2,000
$23,685
$167,310

Includes Merced, Monterey, Sacramento, San Benito, San Joaquin, Santa Cruz, Stanislaus, and Yolo Counties.

1

Automobile fire damage is included in the commercial and residential fire damage estimates.

2

Fire and sprinkler damage totals were originally reported in billions, but have been converted to millions here.

3

scenario. More than 56 percent of the estimated damage is from
commercial property losses and 43 percent from residential
property losses. Also, more than 40 percent of the damage is
incurred in Alameda County. Contra Costa and Santa Clara
Counties also have high proportions of the total property damage,
at 15 and 18 percent, respectively. Additional fire and sprinkler
damage caused by the mainshock amounts to $4 billion and is split
equally between the commercial and residential lines of business;
the automobile fire damage is included in the commercial and
residential fire damage estimates.

Comparison of HayWired and CoreLogic Loss
Estimates
The CoreLogic, Inc. (2018) analysis of insured commercial
and residential property damage for the HayWired scenario
provides a comparable estimate to the HayWired integrated
property damage estimate. Neither estimate accounts for
damage to the region’s infrastructure, contingent business
interruption (resulting from supply chain disruptions), or other
longer term indirect and induced economic impacts of damages
from such a major disaster. Also, the CoreLogic, Inc. (2018)
estimates do not account for workers compensation exposures
or some government exposures.

Some of the differences between the CoreLogic and
HayWired integrated losses are likely the rebuilding cost
assumptions. CoreLogic estimates the repair and rebuild costs
for each building depending on fit and finish, materials, and
labor. The region’s average building replacement value assumed
in the Hazus analysis is $168 per square foot (in 2016 U.S.
dollars), and Scawthorn (2018) estimates that even the $200 per
square foot of building replacement used in the fire-followingearthquake analysis for the HayWired scenario is conservative,
given prevailing construction rates in the San Francisco Bay
region. At $330 per square foot, San Francisco already has the
second highest construction costs in the country, behind only
New York City (Sawyer, 2017). Furthermore, large-scale disasters
place simultaneous demands on construction labor, materials,
and equipment, which then inflate postdisaster construction costs
(Olsen, 2012). Thus, the actual cost of repairs and rebuilding
could be substantially higher than the Hazus estimate because of
the already high construction costs in the region and postdisaster
construction cost inflation.
CoreLogic, Inc. (2018) estimates $2 billion in fire-related
insurance losses in the HayWired scenario. Scawthorn (2018)
estimates that there could be close to $30 billion in replacement
value for properties damaged by fires in the HayWired scenario,
and a significant portion of that damage would likely be covered
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by general property insurance. For comparison, in the 1991 fire
in the east bay hills, 3,500 homes were lost, resulting in about $1
billion in insured losses (1992 U.S. dollars; $1.72 billion in 2016
U.S. dollars) (Scawthorn, 2018), and the 2017 northern California
wildfires resulted in more than $11 billion in insured losses from
damage to more than 21,000 homes and 2,800 businesses (Verma,
2017; Aon Benfield, 2018).
In a prior analysis, Risk Management Solutions modeled
potential losses from a major earthquake on the Hayward Fault
(Grossi and Zoback, 2013). Their estimates of residential and
commercial property damage for three Mw 7.0 earthquake
scenarios that rupture the entire Hayward Fault vary between
$172.5 and $186.5 billion (2013 U.S. dollars; between $177.7
and $192.1 billion in 2016 U.S. dollars). The Grossi and Zoback
(2013) county distributions of losses and percentages of values are
comparable to the CoreLogic, Inc (2018) values, with Alameda,
Contra Costa, and Santa Clara Counties having the greatest losses.
Though there are some significant discrepancies between
the Hazus-based and insurance modelers’ building-related loss
estimates, the important point to consider is the scale of loss—a
loss that does not yet account for the longer term indirect and
induced losses that are not directly related to property damage but
caused by social and economic disruption. These estimates vastly
surpass any modern disaster experience in the San Francisco
Bay region. For perspective, the Mw 6.9 Loma Prieta earthquake
of 1989 caused about $10 billion in economic losses at the time
(approximately $19.6 billion in 2016 U.S. dollars) and the Mw 6.0
South Napa earthquake of 2014 caused more than $700 million in
economic losses (Insurance Information Institute, 2018).

Recovery Funding Sources
Table C2 summarizes the kinds of resources and programs
that are typically used to fund recovery from major disasters that
are declared as both State and Federal disasters. They include
insurance, Federal disaster grants and loans, State disaster grants
and loans, local government resources, and philanthropic and
private investments. Two of the most significant sources of
recovery funding—insurance and Federal and State government
resources—are discussed in the following sections.

Insurance Resources for Recovery
In most areas of the United States, insurance is a foundational
element of a community’s disaster recovery. According to national
surveys, about 95 percent of homeowners have basic residential
insurance coverage (Wilkinson, 2016). In California, however,
earthquake insurance is generally offered as a separate policy
from the general property insurance. The California Department
of Insurance (CDI) regularly conducts a data call to estimate
the residential property insurance coverage across the State; the
latest published data available is from December 31, 2017 (CDI,
2017). Table C3 provides the residential fire and earthquake
insurance policy counts for homeowners, condominiums, renters,
and mobile homes for the nine-county San Francisco Bay region.

The residential fire insurance policy is comparable to a general
property insurance policy, and among all policyholders in the ninecounty region, only about 10 percent have an earthquake insurance
policy. About two-thirds of the residential earthquake insurance
policies statewide are provided by the California Earthquake
Authority, which is a not-for-profit, privately funded, and publicly
managed organization.
Most of the commercial earthquake insurance in the
State covers large commercial buildings. Smaller commercial
businesses do not typically buy earthquake insurance because of
the cost, the short time horizon of small businesses, and the small
amount of assets at risk (CDI, 2012).
CoreLogic, Inc. (2018) estimates $30.2 billion in insured
losses for the HayWired scenario, which means that about
18 percent of their total loss estimate is covered by insurance. Table C4 shows CoreLogic, Inc.’s (2018) county-level
estimates of earthquake property insurance payments for
the Mw 7.0 mainshock of the HayWired scenario, as well as
insured losses for fire and sprinkler damage for the mainshock
and cumulative insured losses for the aftershock sequence.
CoreLogic, Inc. (2018) also calculates $21.2 billion in insured
losses to commercial and residential properties, as well as
automobiles, caused by earthquake-hazard-related damages
(such as ground shaking, landslide, and liquefaction). Insured
losses for fire and sprinkler damage add $4 billion to the
mainshock estimate and the cumulative insured losses for the
aftershock sequence totals $5 billion. These estimates do not
include the insured losses for damage to the region’s infrastructure, workers compensation exposures, and government
exposures that are not part of the commercial, residential, and
automobile lines of business, or the longer term indirect and
induced economic impacts of a major disaster.
About 75 percent of the CoreLogic, Inc. (2018) estimated insured property loss would cover commercial losses
(such as buildings, contents, and business interruption) and 25
percent of the total insured property loss would cover residential losses (such as buildings, contents, and additional living
expenses). Of the CoreLogic, Inc. (2018) total loss estimates
for the HayWired mainshock, insurance would cover about
20 percent of commercial losses and 9 percent of residential
losses (calculated by dividing the subtotal of insured losses in
table C4 by subtotal of mainshock losses in table C1). Including fire and aftershock losses, insurance would cover about
23 percent of commercial losses and 12 percent of residential
losses (total results in table C4).
Approximately 87 percent of the CoreLogic, Inc. (2018)
estimate of total insured losses is incurred in Alameda,
Contra Costa, and Santa Clara Counties—the three counties
with the highest damage levels; but in each, insurance is
likely to only cover a small portion of the total damage.
For example, about 60 percent of the total insured loss is
incurred in Alameda County, but it only covers about 21
percent of the total earthquake-hazard-related losses in the
county. Most counties, as well as many cities and municipal
districts, in the San Francisco Bay region belong to risk
pools that provide workers compensation and property
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Table C2. Types of funding available for community recovery after a major disaster.
Funding type

Description
Insurance
Private market insurance
Policies generally cover structures, contents, and the costs of additional living expenses (residential) or business
interruption (commercial and public sector).
In California, residential earthquake insurance is provided by the California Earthquake Authority (CEA) as
well as private market insurers. The CEA is a not-for-profit, privately funded, and publicly managed entity in
which 75 percent of California residential property insurance companies participate and offer CEA earthquake
policies. See https://www.earthquakeauthority.com for more information.
State and local insurance pools
Intergovernmental risk pools are formed under state-specific legislation allowing for joint “pooling” of resources
to address risks ranging from property loss to employee benefits, tort liability, workers compensation, and
more. Pools are owned and governed collectively by their member entities. See https://www.agrip.org/
education/pooling-basics for more information.
Federal disaster grants and loans
Federal Emergency Management
Individual Assistance provides an array of grants and other forms of assistance, including crisis counseling, legal
Agency (FEMA)
services, and disaster unemployment, directly to renters and displaced homeowners that register with FEMA
for assistance and reside within the boundaries of a Federal disaster declaration region. See https://www.fema.
gov/individual-disaster-assistance for more information.
Public Assistance provides grants to State and local government agencies, private nonprofit organizations, and
federally recognized Tribal organizations for debris removal, emergency protective measures, and the repair,
replacement, or restoration of disaster-damaged facilities and infrastructure in federally declared disasters. See
https://www.fema.gov/public-assistance-local-state-tribal-and-non-profit for more information.
Hazard Mitigation Grant Program funding is directed to States and Tribal organizations for hazard mitigation
planning and projects in federally declared disasters. See https://www.fema.gov/hazard-mitigation-grantprogram for more information.
The Community Disaster Loan Program provides loans to assist local governments that suffer a substantial loss
of at least 5 percent of its total tax base to maintain existing governmental functions or expand those functions
to meet disaster-related needs after federally declared disasters. See https://www.fema.gov/media-library/
assets/documents/176527 for more information.
U.S. Department of Housing and HUD can expedite the annual awards made through the Community Development Block Grant (CDBG) and
Urban Development (HUD)
HOME Investment Partnerships (HOME) programs for use in a disaster area and also provide mortgage
assistance funds; see https://www.hud.gov/info/disasterresources for more information.
Congress can also appropriate supplemental emergency funds to HUD for CDBG Disaster Recovery and, to a
smaller extent, HOME programs to help rebuild areas affected by major disasters declared by the President;
see https://www.hudexchange.info/cdbg-dr for more information.
The Federal Housing Administration at HUD provides single-family and multifamily mortgage
insurance, the rules of which become more flexible after a disaster; see https://www.hud.gov/info/
disasterresources for more information.
U.S. Small Business
Disaster assistance in the form of loans for businesses of all sizes, private nonprofit organizations, and
Administration
homeowners and renters for damage restoration. See https://disasterloan.sba.gov/ela/Information/Index for
more information.
U.S. Economic Development
Grants to disaster-impacted local governments and economic development agencies for planning,
Administration
infrastructure, and technical assistance with long-term economic recovery. See https://www.eda.gov/
disaster-recovery for more information.
Federal Highway Administration Emergency Relief program funds for freeway and highway repair and restoration. See https://www.fhwa.
dot.gov/map21/factsheets/er.cfm for more information.
State disaster grants and loans
State emergency management
Typically administer the Stafford Act programs and may provide matching funds.
agencies
The California Disaster Assistance Act also authorizes the director of the California Governor’s Office of
Emergency Services to provide financial assistance for costs incurred by local governments as a result of a
local emergency or other disaster event where State assistance is requested; it does not need to be a federally
declared emergency or disaster. It does not include provisions for State financial assistance for households that
have been impacted by disasters. See https://www.caloes.ca.gov/cal-oes-divisions/recovery/public-assistance/
california-disaster-assistance-act for more information.
Other State agencies and
May provide a share of matching funds to the Stafford Act programs.
legislatures
Can authorize tax credits and other forms of temporary relief or incentives to help stimulate rebuilding.
Involved in recovery, liaising with their counterparts at both the national and local levels. For example,
State housing agencies may manage the distribution of Federal funding via HUD’s CDBG program to
disaster-impacted local governments and residents.
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Table C2.—Continued
Funding type
Counties, cities, and special
districts, including school and
utility districts

Nongovernmental organizations,
private nonprofit entities,
faith-based organizations,
foundations, and businesses

Table C3.

Description
Local governments
Local revenue and reserves.
Capital improvements programs can be amended to include infrastructure and public facilities repairs and
reconstruction projects associated with disaster recovery.
Enhanced infrastructure financing districts can be established in heavily damaged areas to earmark
a portion of the taxes paid by property owners who benefit from the improvements to finance the
construction or rehabilitation of a wide variety of public infrastructure and private facilities.
Public-private partnerships can provide private capital and operational resources to the recovery process.
Special taxing and assessment districts can be established, or existing districts can possibly be repurposed
or expanded, to collect taxes, fees, or other assessments from property owners located in the designated
area in order to help fund recovery programs and projects.
Impact fees can be used to underwrite the expansion of or addition to infrastructure and public facilities in
postdisaster recovery.
Special bonds, loans, and taxes can be used to raise revenue to fund disaster recovery, but there are
challenges in assuming an additional debt and in getting an electorate to support them.
Philanthropic and private investment
Provide both material and financial assistance to individuals, families, community organizations, and local
governments, including needs unmet by Federal disaster assistance, private lender loans, or insurance.
Local community foundations can also act as the fiscal agent for local governments to receive monetary
donations, which are then disbursed to qualified service-providers in the affected community.

Residential fire and earthquake policies per county for the nine-county San Francisco Bay region, California.

[Data are from California Department of Insurance (2017), published December 31, 2017, for insurance residential lines of business. Homeowner columns refer
to homeowners and dwellings; condos refer to condominiums (unit interiors)]

Fire insurance policy counts
County
Mobile
Homeowners Condos
Renters
homes
Alameda
326,816
48,272 4,035 108,645
Contra Costa
277,240
39,002 3,225 62,981
Marin
65,799
10,767
886 19,835
Napa
35,001
2,294 2,590
8,553
San Francisco
114,930
46,729
4 96,453
San Mateo
157,107
25,456 1,329 56,387
Santa Clara
359,371
66,422 12,180 151,350
Solano
111,693
5,547 2,145 27,305
Sonoma
131,485
10,153 7,064 35,002
Regional total 1,579,442
254,642 33,458 566,511

Earthquake insurance policy counts
Mobile
Homeowners Condos
Renters
homes
36,588
3,247
642 14,984
20,281
2,313
479
6,631
12,542
1,245
204
3,602
2,816
205
478
1,063
13,241
4,559
1 19,715
18,975
2,069
280
6,421
41,446
4,023 2,496 13,431
7,407
315
429
6,073
15,558
823 1,417
4,420
168,854
18,799 6,426 76,340

Earthquake insurance policy take-up rates1
Mobile
Homeowners Condos
Renters
homes
11%
7%
16%
14%
7%
6%
15%
11%
19%
12%
23%
18%
8%
9%
18%
12%
12%
10%
25%
20%
12%
8%
21%
11%
12%
6%
20%
9%
7%
6%
20%
22%
12%
8%
20%
13%
11%
7%
19%
13%

A take-up rate is the percentage of fire insurance policy holders who also choose to obtain an earthquake insurance policy.

1

insurance coverages and, thus, would be providing additional
insurance resources for recovery.
Though the CoreLogic, Inc. (2018) and Scawthorn (2018)
fire loss differences are not reconciled, an insurance industry
loss of more than $30 billion would be comparable in size to the
insured property losses after the 2012 Hurricane Sandy (Munich
RE, 2015), but less than the expected $135 billion insured losses
from the 2017 hurricane season (Kim, 2017; Munich RE, 2018).
Nonetheless, as this analysis has shown, a considerable portion of
the total losses from a major earthquake, like that in the HayWired

scenario, would not be covered by insurance payouts, making
it significantly different from most major hurricane and wildfire
disasters in the United States.
It is difficult to draw direct comparisons between the
insurance estimates for this scenario and the insured losses
from the 1989 Loma Prieta and 1994 Northridge earthquakes
because the insurance market has changed so much since then.
Nonetheless, for the 1989 Loma Prieta earthquake, there was
an insured loss of $960 million at the time ($1.9 billion in 2016
dollars) or nearly 10 percent of the total losses and, for the 1994
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Table C4. CoreLogic, Inc. county-level estimates of earthquake property insurance payments (in millions of dollars) for the moment
magnitude 7.0 HayWired scenario mainshock and aftershock sequence in the San Francisco Bay region, California.
[Values in millions of 2016 U.S. dollars. Totals may not sum exactly because of rounding. Data from CoreLogic, Inc., 2018. %, percent]

County

Alameda
Contra Costa
Marin
Napa
San Francisco
San Mateo
Santa Clara
Solano
Sonoma
Surrounding counties1
Subtotal of county insured property loss for
the mainshock
Percentage of county insured property loss
subtotal for the mainshock
Fire damage insured loss for the mainshock2, 3
Sprinkler damage insured loss for the mainshock3
Cumulative insured loss from aftershocks
Total
Percentage of estimated total damage

Commercial

Residential

Automobile

$8,994
$1,727
$70
$57
$860
$692
$2,997
$131
$242
$73
$15,844

County details
$3,670
$523
$95
$6
$97
$269
$524
$7
$81
$12
$5,286

74.8%

Miscellaneous details
25%

$1,000
$1,000
$4,020
$21,864
22.9%

$1,000
$1,000
$1,020
$8,306
11.7%

Total

$36
$0.4
<$0.1
<$0.1
<$0.1
$0.2
$0.4
<$0.1
$0.1
<$0.1
$37

$12,700
$2,251
$165
$63
$956
$962
$3,522
$138
$324
$86
$21,167

0.2%

100%

$37
6.3%

$2,000
$2,000
$5,050
$30,210
18%

Percentage of
insured total
loss

Percentage
of estimated
total damage

60%
11%
1%
0%
5%
5%
17%
1%
2%
0%
100%

21%
11%
8%
6%
10%
13%
14%
7%
6%
2%
15%

Includes Merced, Monterey, Sacramento, San Benito, San Joaquin, Santa Cruz, Stanislaus, and Yolo Counties.

1

Automobile fire damage is included in the commercial and residential fire damage estimates.

2

Fire and sprinkler damage totals were originally reported in billions, but have been converted to millions here.

3

Northridge earthquake, insurance losses were $15.3 billion at
the time ($24.8 billion in 2016 dollars), or 35 percent of the total
losses (Munich RE, 2015).

Federal and State Resources for Recovery
A major earthquake like the Mw 7.0 mainshock of the
HayWired scenario would almost certainly trigger State and
Federal disaster declarations and the provision of disaster
assistance programs and activities defined by the California
Disaster Assistance Act (California Government Code 86808692) and the Robert T. Stafford Disaster Relief and Emergency
Assistance Act (Public Law 93-288, as amended) as well as other
State and Federal disaster assistance programs and activities.
For Federal fiscal years 2005 through 2014, FEMA
obligated more than $104.5 billion from the Disaster Relief
Fund for federally declared disasters across the country (U.S.
Government Accountability Office [GAO], 2016). The Disaster
Relief Fund supports three major Federal postdisaster assistance
program areas defined by the Stafford Act and administered
by FEMA—Individual Assistance, Public Assistance, and the
Hazard Mitigation Grant Program (HMGP). As the GAO (2016)

study notes, however, the Disaster Relief Fund provides only a
portion of Federal disaster assistance. During the same 10-year
period, at least $277.6 billion across 17 Federal departments and
agencies was provided for Federal disaster assistance programs
and activities (GAO, 2016). Of this, $132.2 billion was obligated
for disaster-specific programs and activities outside of the
Disaster Relief Fund. Some of the larger obligations were for
the Department of Homeland Security, Department of Housing
and Urban Development (HUD), Department of Agriculture,
Department of Transportation, and Department of Defense, which
includes work by the U.S. Army Corps of Engineers.
Many of these obligations must be authorized by Congress
as supplemental funds to help rebuild areas affected by federally
declared disasters. The HUD Community Development Block
Grant Disaster Recovery (CDBG-DR) program is a rapidly
growing piece of the Federal government’s disaster recovery
toolkit and, for recent major disasters like Hurricanes Katrina
and Sandy, it has been a crucial resource for State and local
governments and homeowners in addressing unmet disaster
recovery needs (Olshansky and Johnson, 2014). Also, after major
disasters, Congress or the President may authorize tax credits and
other forms of temporary relief or incentives to help stimulate
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rebuilding. “Disaster Assistance: Guide to Recovery Programs”
(FEMA, 2005) identifies an array of Federal programs that may be
available for disaster recovery.
Some of the likely sources of Federal and State assistance
for individuals and households, businesses, local governments,
and community services are reviewed here. Studies from past
disasters have shown, however, that race, ethnicity, gender,
income, language fluency, cultural differences, and political
connectedness can differentially influence the accessibility
and distribution of formal disaster assistance, especially from
government sources (Bolin, 2007; Enarson and others, 2007;
Aldrich, 2011). For the HayWired scenario, some of the
hardest hit communities also have high levels of social and
economic vulnerability, as indicated by the Association of Bay
Area Governments and San Francisco Bay Conservation and
Development Commission community vulnerability indicator
scores in areas of concentrated damage (see section B), and
thus many individuals, households, and business owners in
these areas may have difficulty obtaining formal disaster
assistance. Language and education limitations, fear of
authorities, complicated forms, and limited web-based access
to services are just a few of the barriers that socioeconomically
disadvantaged groups face (Bolin and Stanford, 1998; TobinGurley and others, 2010; Abramson and others, 2015).

Individuals and Households
The FEMA Individual Assistance programs provide financial
and direct services to eligible individuals and households—both
renters and owners—affected by a federally declared disaster.
The application process includes a home inspection to determine
eligibility; only U.S. citizens, non-citizen nationals, or other
qualified residents may apply. The maximum amount of FEMA
Individuals and Households Program assistance that can be
provided for any single emergency or major disaster is adjusted
annually to account for inflation. The maximum allowable amount
per household for an emergency or major disaster declared on or
after October 1, 2018, is $34,900 (FEMA, 2018a).
This assistance is intended to meet basic needs and, by law,
FEMA cannot duplicate the assistance provided by insurance.
Thus, the actual amount awarded to most individuals and
households is well below the maximum allowable amount, and
subject to delays in its approval and distribution. For comparison,
eligible applicants to the FEMA Individual Assistance programs
received an average of $2,670 after the 2014 South Napa
earthquake (FEMA, 2018b), and the two-month delay in Federal
authorization of the program hindered community recovery
(Johnson and Mahin, 2016). Following Hurricane Katrina, eligible
applicants to the FEMA Individual Assistance programs received
an average of $7,114 (FEMA, 2018c). In the City of New Orleans,
278,500 eligible applicants received, on average, $10,413 from the
FEMA Individuals Assistance programs (FEMA, 2015).
FEMA may also provide direct housing services to eligible
individuals and households if alternative housing resources are
limited postdisaster; it generally works in collaboration with
HUD on the individual case management and provision of

services. This direct form of temporary housing assistance may
include manufactured housing, multifamily lease and repair, and
permanent or semipermanent home repair, and (or) construction
services and is not counted toward the Individuals and Households
Program maximum award amount. The Federal government has
been a significant resource for temporary housing after major
disasters, but it has not been without controversy about quality,
costs, and delays (U.S. Department of Homeland Security Office
of Inspector General, 2013).
The U.S. Small Business Administration (SBA) provides
loans to homeowners and renters to repair or replace damaged
property in federally declared disasters. Homeowners may borrow
as much as $200,000 to replace or repair their primary residence
with as much as a 20 percent loan increase to make disaster
resilience improvements to the property; renters and homeowners
may borrow as much as $40,000 to replace or repair damaged
personal property, such as clothing, furniture, cars, and appliances
(SBA, 2018). Secondary homes or vacation properties are not
eligible, but qualified rental properties can apply for SBA business
loans of as much as $2 million with as much as a 20 percent loan
increase to make disaster resilience improvements to the property.
These loans are for uninsured or underinsured losses, and any
proceeds from insurance coverage are considered in determining
the loan amount. Repayment terms of as much as 30 years are
available and interest rates vary. For perspective, in one of its
busiest years—Federal fiscal year 2006—the SBA approved
145,164 home loans with an average value of $61,564 (Lindsay,
2011). These largely went to applicants with housing damage
sustained in the 2005 hurricanes.
Also following the 2005 hurricanes and 2012 Hurricane
Sandy, Congress passed supplemental disaster legislation that
provided HUD CDBG-DR funding for housing repairs and
rebuilding not covered by the National Flood Insurance Program
and private insurance. The States of Mississippi, Louisiana, New
Jersey, and New York, as well as New York City, developed and
ran multi-billion-dollar programs to fund repairs and replacement
of damaged single-family and multifamily housing (Johnson
and Olshansky, 2017); however, the unmet needs from a major
earthquake, like that in the HayWired scenario, would far exceed
past CDBG-DR allocations. The largest of these was Louisiana’s
$10 billion housing program, called the Road Home, which paid
more than $8.53 billion to 128,000 homeowners to make repairs
or sell their property to the State (Louisiana Recovery Authority,
2010). Also, it can take considerable time for Congress to approve
allocations, for receiving states and communities to design and
implement funding programs, and thus for recipients to actually
receive the funds.
FEMA Hazard Mitigation Grant Program (HMGP) funds
have also been obligated to enhance the disaster resilience of
housing after disasters. The California Residential Mitigation
Program, a joint powers authority operated by the California
Earthquake Authority, has funded the seismic retrofit of 100
houses in Napa County with funding provided in part by
FEMA HMGP funds available after the 2014 South Napa
earthquake (California Earthquake Authority, 2017). After
Hurricanes Katrina and Sandy, Louisiana and New Jersey used
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FEMA HMGP funds in combination with HUD CDBG-DR
funds to assist homeowners with home elevations and other
disaster resilience improvements as part of their housing repair
programs (Johnson and Olshansky, 2017).
The California Disaster Assistance Act does not define any
postdisaster assistance programs for individuals and households.
However, the California Governor’s Office of Emergency Services
works with FEMA to administer Individual Assistance and Hazard
Mitigation Grant Program funding that has been applied toward
improving the disaster resilience of housing.
The California Department of Housing and Community
Development has recent experience administering HUD
CDBG-DR funding and supplemental awards after the 2017
and 2018 wildfires (California Department of Housing and
Community Development, 2018). Some of the funds have been
awarded to eligible fire-impacted communities to assist with
housing rehabilitation and housing buyouts in high wildfire risk
areas, as well as the construction of affordable rental housing.

Businesses
The SBA business loan program is the major form of Federal
disaster assistance for business recovery following federally
declared disasters. The SBA physical disaster loans provide as
much as $2 million to qualified businesses or private nonprofit
organizations to repair or replace damaged property, including
equipment and inventory, and with as much as a 20 percent loan
increase to make disaster resilience improvements to the property
(SBA, 2018). Small businesses, agricultural cooperatives, and
private nonprofit organizations may also be eligible for as much
as $2 million from the SBA Economic Injury Disaster Loan
program to help meet financial obligations and operating expenses,
regardless of whether the business suffered any property damage.
A business may qualify for both an Economic Injury Disaster
Loan and a physical disaster loan, but the maximum combined
loan amount is $2 million. As with the SBA disaster home loan
program, any proceeds from insurance coverage are considered
in determining the loan amount. Repayment terms cannot exceed
30 years and interest rates vary. In 2006, after the damaging 2005
hurricane season, the SBA approved 24,819 business loans with an
average value of $118,785 (Lindsay, 2011).
To a much more limited extent than housing, HUD
CDBG-DR funds have also been used by states and cities to fund
business recovery after federally declared disasters. Business
recovery grant programs, job and workforce development and
retention grant programs, and grants for specific business and
economic development and construction programs are just
some of the examples of CDBG-DR funds obligated toward
business recovery after the 2001 World Trade Center disaster and
Hurricanes Katrina and Sandy (Johnson and Olshansky, 2017).
Postdisaster funding provided by the U.S. Economic Development
Administration has also been used to capitalize or recapitalize
revolving loan funds through nonprofit and governmental entities
to provide below-market-rate loans to businesses to help provide
gap financing and to support new business development (U.S.
Economic Development Administration, 2019).

The California Disaster Assistance Act does not define any
postdisaster assistance programs for businesses. The California
Department of Housing and Community Development has
awarded HUD CDBG-DR funding for economic development
activities (California Department of Housing and Community
Development, 2018).

Local Governments and Community Services
The FEMA Public Assistance program is the major source
of Federal assistance to States, Tribes, territorial and local
governments, and other governmental and qualifying private
nonprofit organizations after federally declared disasters, and
is FEMA’s largest disaster assistance program (FEMA, 2017).
It provides grants for debris removal and other emergency
protective measures as well as the permanent repair, replacement,
or restoration of disaster-damaged, publicly owned, or nonprofit
facilities and disaster resilience measures.
FEMA Public Assistance grants are awarded on a cost-share
basis, and the Federal government is statutorily obligated to
provide at least 75 percent of the eligible costs. States usually serve
as the grant recipient and determine how the non-federal share
(as much as 25 percent) is split between the State and eligible
applicants. In California, the California Governor’s Office of
Emergency Services serves as the grant recipient for FEMA Public
Assistance, and under the California Disaster Assistance Act, the
California Governor’s Office of Emergency Services administers
State financial assistance for costs incurred by local governments
for certain emergency activities and repairs or replacement of
public infrastructure and facilities damaged by a State-declared
disaster, with or without a Federal disaster declaration.
After the 2014 South Napa earthquake, FEMA awarded
$29.7 million in Public Assistance funds, of which $5.35 million
was for emergency measures and $22.5 million was for permanent
works, such as facility repairs (FEMA, 2018b). By comparison,
FEMA obligated more than $13.5 billion in Public Assistance
funding after the 2005 Hurricane Katrina, of which $3.1 billion
covered debris removal and other emergency measures and nearly
$10 billion went to permanent works (FEMA, 2018c).
The FEMA Community Disaster Loan program was
created by Congress after Hurricane Katrina to assist eligible
jurisdictions in a federally declared disaster area that has
suffered a substantial loss of tax and other revenue. The
jurisdiction must demonstrate a need for financial assistance
to perform its governmental functions and provide essential
services, and loans are not to exceed 25 percent of the local
government’s annual operating budget for the fiscal year in
which the major disaster occurs, with a maximum of $5 million.
However, after Hurricanes Katrina and Rita in 2005, Congress
passed special legislation allocating more than $1.37 billion
for loans far exceeding this maximum limit for financially
distressed State and local governments to cover operating
expenses, particularly for staffing essential services, such as
law enforcement, schools, and fire services (Brown, 2012).
After Hurricane Sandy, more than $174 million in Community
Disaster Loans of as much as $5 million each were awarded
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to 60 local governments and municipal districts in New Jersey
(FEMA, 2013).
Although it requires supplemental funding by Congress,
HUD CDBG-DR funding can also be a major source of Federal
disaster assistance for communities to fund infrastructure and
facilities recovery and resilience projects. The CDBG-DR funds
may not be used to reimburse activities or serve as the required
match for other Federal disaster assistance, like the FEMA Public
Assistance program. Projects must also benefit low- and moderateincome persons or households that earn 80 percent or less of the
county-wide median income adjusted for family size.
As mentioned above, Federal disaster assistance extends
well beyond FEMA and the statutory obligations of the
Federal government under the Stafford Act. Many of these
other Federal disaster-specific programs and activities target
government and community-scale recovery needs. Examples
include the infrastructure repair funding from the Federal Transit
Administration and Federal Highway Administration, as well
as the work of the U.S. Army Corps of Engineers in emergency
rehabilitation and construction of waterways and flood control
defenses. In many cases, comparable State agencies, like the
California Department of Transportation, are also involved in
project management and funding administration.
It is also important to note that the major Federal disaster
assistance programs, like FEMA’s Public Assistance and the
HUD CDBG-DR programs, have not been particularly well
suited to large-scale disasters (GAO, 2008, 2009). Funding
delays, inflexible regulations, and lengthy approval processes all
complicate and limit their effectiveness. With a Federal disaster
declaration likely for a major earthquake like that in the HayWired
scenario, there could be hundreds of public and nonprofit sector
applicants for Federal disaster recovery funds, which could create
administrative challenges at both the State and Federal levels in
both processing and reimbursing grant applications. The FEMA
Public Assistance program is a reimbursement-based funding
stream, which means that applicants must document and finance
the costs of repairs and replacement and await repayment. FEMA
has been developing a “new delivery model” for the Public
Assistance program that it has been testing at certain locations
since 2015 before implementing it nationwide (GAO, 2017).
Nonetheless, many cities, counties, and other local applicants
could face significant recovery financing challenges, especially
those that already have budget problems caused, in part, by rising
employee pension costs (Joffe, 2017).
Earthquake damage and losses could also reduce State and
local tax revenues, adding further stress on local applicants to
finance repairs and rebuilding and delaying community recovery.
(See Kroll and others, this volume, for some discussion of local
tax effects.) Local applicants may look to the State of California
and other financiers for loans, to voters for approval of bond
measures, and for other forms of assistance to help manage
cashflow. After Hurricane Katrina, the State of Louisiana set
up a $200 million revolving loan account for the City of New
Orleans to draw from in order to meet short-term obligations while
revenues, including FEMA Public Assistance funds, were pending
(Louisiana Recovery Authority, 2010).

Repairing and Replacing Damaged
Housing
There is nearly 1.9 billion square feet of residential
building damage, valued at $42.4 billion, caused by the
combined effects of ground shaking, landslide, liquefaction,
and fires for the Mw 7.0 mainshock of the HayWired scenario
(see section A). The seismic vulnerability of common housing
types in the San Francisco Bay region is well known and was
a major factor that defined the areas of concentrated damage
for the HayWired scenario. For its “Stronger Housing, Safer
Communities” study, the Association of Bay Area Governments
created a typology of housing types that are fragile to
earthquake effects (Brechwald and others, 2015). Table C5
combines the Association of Bay Area Governments seismically
fragile housing types data with hazard assumptions and data
resulting from the HayWired scenario analyses to provide a
typology of housing vulnerable to earthquake ground shaking,
landslides, liquefaction, and fires.
Financing housing repair and replacement depends on
the extent of damage. Financial challenges could pertain
to low-income property owners, mortgage defaults, and
affordable housing. Government-led intervention and support
will likely be needed. Also, housing recovery is affected by
interdependencies with business recovery, household services,
and utility and transportation services. These aspects are
addressed below. Financing the repair and replacement of
damaged business establishments is addressed in chapters
V1–V5, which focus on economics, of the HayWired scenario
volume 3.

Repairing Residential Buildings in a Slight to
Moderate Damage State
Of the nearly one million residential buildings and 1.37
million housing units that sustain some level of damage from
all hazards in the HayWired scenario, nearly 90 percent are
single-family or duplex buildings in a slight to moderate
damage state (most likely caused by ground shaking). Most
of these buildings have light wood-frame construction and,
at slight to moderate damage levels, there could be cracks
in walls, chimneys, and masonry veneers, and possibly the
toppling of tall masonry chimneys (FEMA, 2012). In most
instances, post-earthquake safety inspections would likely
result in a “green tag,” deeming these structures safe to occupy
while being repaired.
There are also about 290 million square feet of
multifamily and group-living occupancies (in 32,200 buildings
and containing 336,500 multifamily housing units) in a slight
to moderate earthquake damage state. These occupancies
are composed of a variety of construction types. However,
for two- and three-story wood-frame multifamily buildings
commonly found across the region, the level of damage would
likely entail cracks in walls, chimneys, and masonry veneer
(FEMA, 2012).
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Table C5. Typology of seismically vulnerable housing in the San Francisco Bay region, California (adapted from Brechwald and others, 2015,
and Harris, 2017).
[MMI, Modified Mercalli Intensity; km, kilometers; GIS, Geographic Information Systems]

Hazard description
Areas subjected to shaking levels of MMI
VIII or above are most vulnerable
to building damage. See Aagaard,
Boatwright, and others (2017).

63 km of the fault rupture length is on
land, with as much as 2 meters of
coseismic slip as well as 0.5–1.5 meters
of afterslip. See Aagaard, Schwartz, and
others (2017).

Areas of strong ground shaking (greater
than 20 centimeters per second of peak
ground velocity); geologic-material
strength parameters and slope gradient
were used to estimate and map the
likelihood of landslide. See McCrink
and Perez (2017).

Vulnerable housing type
Housing vulnerability description and (or) location
Ground shaking
1- or 2-unit wood-frame Typically, these homes were built before 1940. The foundations are commonly
homes with cripple
not bolted and bracing is lacking on the wood-framed exterior walls
walls
enclosing the crawl space (for example, cripple wall). They are prevalent in
older “bedroom communities” that are now more established neighborhoods.
1- or 2-unit woodThese buildings are commonly 2 to 3 stories tall and were constructed between
frame homes over an
1920 and 1970. The garage lacks the interior walls and strength to support
attached garage
the living space above it during an earthquake. They are common in dense
pre-1950s neighborhoods as well as post-1950s neighborhoods with ranchstyle homes and multicar garages.
Multi-unit wood-frame These buildings can be more than 2 stories tall and were typically built before
buildings with cripple
1920. The foundations are commonly not bolted and bracing is lacking
walls
on the wood-framed exterior walls enclosing the crawl space. They are
prevalent in older “bedroom communities” that are now more established
neighborhoods.
Multi-unit “soft
These buildings are commonly 3 to 5 stories tall and built before the mid-1970s.
story” or “tuckA soft-story describes the large opening on the first floor—typically for open
under” wood-frame
or enclosed parking or commercial space—that lacks adequate bracing to
buildings
support the upper floors of residential units during an earthquake. These
buildings are common in older, mixed and high-density neighborhoods as
well as older, large suburban developments.
Multi-unit unreinforced These buildings are commonly 3 to 5 stories tall and built before 1933. The
masonry buildings
load-bearing walls, nonload-bearing walls, or other structures, such as
chimneys, are made of brick, cinderblock, tiles, adobe, or other masonry
material that is not braced by reinforcing material, such as rebar. These
buildings compose a very small portion of the region’s building stock but are
concentrated in the oldest neighborhoods.
Multi-unit nonductile
These buildings were built between 1950 and 1971 and are typically 3 or more
concrete buildings
stories tall. The concrete columns lack adequate steel reinforcing bars to
provide ductility—the ability to bend without breaking during an earthquake.
They are found in the highest density urban and suburban neighborhoods.
Fault rupture
Most homes and multi- The Hayward Fault runs through a highly developed area and most buildings,
unit buildings located
pipelines, buried electrical transmission lines, roads, bridges, and tunnels
on top of a surface
straddling the fault are vulnerable to damage from either the coseismic slip
fault rupture zone
occurring during the earthquake rupture or the longer duration slip on the
fault, called afterslip. This includes most structures and infrastructure that are
not specifically designed to withstand displacement associated with coseismic
slip or afterslip. Using satellite imagery and GIS data for the Hayward Fault
(Lienkaemper, 2007), more than 600 structures—including nearly 600
residential buildings—are seen within areas of surface offset from coseismic
slip and potential afterslip along the Hayward Fault for the HayWired scenario
mainshock. The number of structures within the buffer of uncertainty around
the fault (Lienkaemper, 2007) is nearly 3,000—including more than 2,800
residential buildings. Surface rupture is not explicitly included in the Hazus
damage estimates developed by Seligson and others (2018).
Landslides
Hillside homes and
Areas of steep to very steep slopes and on existing landslides are most
multi-unit buildings
vulnerable. Areas in the east bay hills near the hypothetical rupture zone of
the Hayward Fault, even on gentler to moderate slopes, are also susceptible
to landslides or slope failure. Hillside homes and multi-unit buildings can
also experience damage caused by ground shaking.
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Table C5.—Continued
Hazard description
Detailed information was used to estimate
and map the likelihood of liquefaction
in western Alameda and northern Santa
Clara Counties. See Jones and others
(2017). The Hazus methodology was
used to estimate the likelihood of other
susceptible areas. See Seligson and
others (2018).

Vulnerable housing type
Housing vulnerability description and (or) location
Liquefaction
Homes and multi-unit
Buildings less than 10 stories tall typically lack pilings and other engineered
buildings less than 10
foundation features to withstand the differential settlement caused by
stories tall
liquefaction. Homes and small multifamily structures in areas of soft, watersaturated soils or poorly compacted fill along creeks, watersheds, and the
margins of San Francisco Bay are most vulnerable.

Fire following earthquake
All single-family and
Areas that experience strong ground shaking (MMI VI or greater) and have
A full probabilistic methodology for
duplex homes and
high-density wood construction and population densities greater than 3,000
analysis of fire following earthquake
multi-unit buildings
people per square kilometer are most vulnerable to post-earthquake fires.
looked at the sources of ignition,
About half of all fire ignitions are electrical, a quarter are gas related, and the
processes of fire discovery and
remainder are due to a variety of other causes, including chemical reactions.
reporting, and abilities of fire department
Based on the 1994 Northridge earthquake experience, about 70 percent of all
response and suppression. See
ignitions occur in residential occupancies. Seismically vulnerable waterScawthorn (2018).
supply infrastructure and other firefighting capacity and impairment issues
can also increase fire-following-earthquake vulnerabilities.

For the vast majority of residential structures with slight to
moderate damage in the HayWired scenario, likely loss levels
would be within the range of financing available with SBA
disaster loans and FEMA Individual Assistance grants. For the
small minority of these building owners who are likely to have
earthquake insurance coverage, the structural loss levels may
not exceed their deductibles. Some owners may need to seek
conventional loans or rely on their individual savings to fund
repairs, sell their home and relocate, or receive assistance from
philanthropic or nonprofit funders (Johnson and Mahin, 2016).

Repairing or Replacing Residential Buildings in
an Extensive or Complete Damage State
In the HayWired scenario, an estimated 97,397 residential
buildings are in an extensive or complete damage state because
of ground shaking, fault rupture, liquefaction, landslides, and (or)
fire. Of these, there are 89,812 single-family and duplex buildings,
with 93,381 units (accounting for two-unit duplex buildings)
and 7,586 multifamily and group-living use buildings; 7,337
extensively or completely damaged multifamily buildings contain
as many as 78,445 housing units (in about 60.7 million square
feet). Fire damage contributes approximately 64.5 million square
feet in 29,000 residential buildings and as many as 53,600 housing
units to the complete damage state.
Light wood-frame residential construction in an extensive
damage state caused by ground shaking could have large cracks
in the walls and foundations, toppling of masonry chimneys, and
permanent lateral movement of the floors and roof that could cause
a partial collapse of the building (FEMA, 2012). Such damage can
be associated with a “yellow tag” post-earthquake safety inspection,
limiting the building’s use until repairs are completed. Light woodframe buildings in a complete damage state would have major

foundation damage, large permanent lateral displacement, and be in
imminent danger of collapse; a small percentage could be expected
to be collapsed (FEMA, 2012). These buildings would likely have
a “red tag” post-earthquake safety inspection that deems them
unsafe to occupy until repairs are completed.
Most housing types that are in an extensive or complete
damage state will likely require detailed engineering investigations
and repair schemes. Housing that experiences significant damage
caused by fault rupture, liquefaction, or landsliding may also
require detailed geotechnical investigations, site stabilization, and
foundation repair schemes. Replacement may be a more costeffective solution in some cases. Housing that experiences fire will
most likely need to be reconstructed.
For the owners of single-family homes or multifamily
units with extensive or complete damage, the loss may only
be partly covered by SBA disaster loans and FEMA Individual
Assistance, and conventional loans or individual savings would
be needed to fund repairs and rebuilding. Owners may also sell
damaged buildings or receive assistance from philanthropic or
nonprofit funders. For those with fire damage, a large portion
of the loss would be covered by insurance. For the small
minority of owners who are likely to have earthquake insurance
coverage, the losses caused by extensive or complete damage
levels would likely exceed the deductible levels. All insureds
would still need to fund the deductible amounts and there may
be instances of underinsurance—where the insurance limits do
not sufficiently cover the costs of rebuilding, especially in areas
where there has been a rapid increase in asset values prior to the
disaster (Lloyd’s, 2018). Housing recovery financing could also
fall short because of temporary increases in construction costs
that commonly occurs after major natural disasters, known as
“demand surge” (Comerio, 2006).
For reference, the 1989 Loma Prieta earthquake damaged
43,000 housing units, of which 11,500 were severely damaged
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or destroyed, and the 1994 Northridge earthquake damaged
500,000 housing units, of which 60,000 were severely damaged
or destroyed (Comerio, 1998). Comerio (1998) reports that two
years after the 1994 Northridge earthquake, more than 265,000
households had collected private insurance claims, 98,000
received SBA disaster loans, and 288,000 obtained small grants
from FEMA for minimal home repairs. Sidebar 2 describes the
housing repair programs developed and managed by the City of
Los Angeles after the 1994 Northridge earthquake that targeted
uninsured residential damage. For the HayWired scenario,
residential damages and repair and replacement costs would be
greater than that for 1989 Loma Prieta earthquake damages, but,
compared with the Northridge earthquake, the insurance coverage
would be considerably lower.

Other Housing Recovery Financing Challenges
Low-Income Housing Building Owners
Whereas all residential building owners are likely to have
significant recovery financing challenges, owners with lower
income levels may face greater difficulties qualifying for SBA
loans, obtaining conventional financing, and lacking the necessary
savings to fund repairs or rebuilding. Multifamily building owners
also tend to have greater difficulty assembling the necessary
resources to finance repairs and rebuilding than single-family
building owners; condominium owners have the added burden
of assembling agreement and financing among all the unit
owners (Comerio, 1998; Olshansky and others, 2005; Peacock

Sidebar 2—City of Los Angeles’ Housing Repair Programs after the 1994
Northridge Earthquake
The moment magnitude 6.7 Northridge earthquake damaged
more than 25,000 businesses and 100,000 housing units and left 22,000
people homeless (Olshansky and others, 2005). At the time, it was the
costliest disaster in U.S. history, with total losses of $44 billion ($71.3
billion in 2016 dollars), of which insurance covered $15.3 billion
($19.6 billion in 2016 dollars), or 35 percent (Munich RE, 2015).
The City of Los Angeles (population 3.5 million at the
time) sustained the majority of the region’s damage, with heavy
concentrations of residential damage in the San Fernando Valley
suburbs north of downtown. Of more than 440,000 housing units
inspected, 7,000 single-family homes, 2,000 mobile homes, and 49,000
multifamily units received either red- or yellow-tags (Comerio and
others, 1996; Comerio, 2006).
The City of Los Angeles Housing Department (LAHD) identified
17 clusters of damaged and abandoned apartment buildings that were
located in one of the 38 census tracts that had more than 100 vacated
apartment housing units, and in which more than 60 percent of the
housing units were either heavily damaged or destroyed (LAHD,
1995).These higher density residential neighborhoods were dubbed
“ghost towns” because the major outmigration of tenants from both
damaged and undamaged buildings and the empty buildings had
become hideouts for gangs and clusters of crime and prostitution.
Many of the damaged apartment buildings were repairable, but
building owners generally lacked insurance or discovered that their
high insurance deductibles made repairs prohibitive. Furthermore,
deflated property values, high vacancy rates, declining rental income,
and high debts limited multifamily building owners’ abilities to get
loans and make repairs (Olshansky and others, 2005). Even if their unit
was habitable, some renters did not want to stay in “ghost town” areas.
Also, some condominium owners who could not finance building
repairs allowed their units to be foreclosed on, further contributing to
the “ghost town” conditions of some neighborhoods.
The City of Los Angeles Housing Department, with support
from the Federal government, established a special division in the
department to develop and implement an array of interventions that
included securing and clearing damaged and uninhabited buildings,
neighborhood crime reduction programs, rental housing repair loan
programs, and technical assistance and personalized interventions for

damaged condominium building owners (Olshanksy and others,
2005). The City of Los Angeles Housing Department managed more
than $300 million in Federal Community Development Block Grant
funds earmarked by Congress for housing recovery and provided
loans and other support to apartment building owners to demolish,
repair, and reconstruct the more than 1,000 properties and 17,000
residential units in ghost town neighborhoods (LAHD, 1995). The
loans provided as much as $35,000 per unit, with various low- to
no-interest rates and payment deferral terms and the repairs had to
meet the latest building code standards; loans greater than $525,000
per building were also subject to approval by the Mayor and City
Council (Olshansky and others, 2005). To qualify, applicants had
to have been rejected by the Federal Emergency Management
Agency and the U.S. Small Business Administration or prove that
they had insufficient funds. It took more than two years to get the
repair program structured and underway, and more than five years
to repair most buildings (and more than 12,000 multifamily units)
with loan repayments beginning by that time (Olshansky and others,
2005). Though most of the ghost town neighborhoods rebounded,
they required organized and sustained interventions by the city and
recovery took significantly longer in these neighborhoods than in
other residential neighborhoods.

U.S. Geological Survey photograph of apartment buildings
damaged in the Northridge earthquake.
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and others, 2014). With about 350,000 people living in areas of
concentrated damage that have five or more Association of Bay
Area Governments and San Francisco Bay Conservation and
Development Commission community vulnerability indicators
(see section B), residential building owners in these areas may face
recovery financing challenges.

Mortgage Defaults
Mortgage defaults could also present added difficulties
for housing recovery in some neighborhoods. Residential
home loans in California are typically “non-recourse” loans,
whereby the lender’s interest is secured by liens on the
property, but the borrower is not personally obligated to repay
the loan (Larsen and others, 2015). Borrowers may default on
loans if they do not have the resources to repair and rebuild or
these costs significantly exceed the value of their investment.
There were many instances of mortgage defaults after the
1994 Northridge earthquake, particularly among the owners
of damaged condominium units whose property values had
already declined significantly before the earthquake occurred
(Olshansky and others, 2005).

Replacing Affordable Housing
Replacing affordable housing will also be a major
housing recovery challenge in a major earthquake like that in
the HayWired scenario. Federal government programs and
postdisaster funding, both provided mainly through HUD, have
also been essential to repairing and rebuilding damaged affordable
housing after major disasters. These include the HUD CDBG-DR
and Housing Choice Voucher (HCV) programs.
The HCV program is the Federal government’s major
program for assisting very low-income families, the elderly, and
persons with disabilities to afford private rental housing. In 2017,
there were nearly 300,000 families in California using housing
vouchers, of which around 70,000 families (or nearly 24 percent)
resided in the nine-county San Francisco Bay region (HUD,
2018a). Publicly owned affordable housing developments and
low-income housing tax credit properties are two of the major
sources of affordable housing in the region.
Figure C1 shows the number of HCV program families
by census tract as well as the locations of both publicly owned
affordable housing developments and low-income housing tax
credit properties across the San Francisco Bay region, with insets
focusing on part of Alameda County (fig. C1A) and part of Santa
Clara County (fig. C1B). There are visibly high numbers of HCV
families and affordable housing properties across the region and in
close proximity to the Hayward Fault in Alameda County.

Government-Led Housing Repair Programs
Significant uninsured housing repair costs will likely
require some level of governmental intervention and support.
Several large government-led housing repair programs have

been created to address housing recovery financing gaps after
Hurricanes Katrina and Sandy in the United States and the
2010–11 Canterbury earthquakes in New Zealand, as well
as other major disasters. In a few cases, they also helped
to manage the widespread and simultaneous construction
demands and postdisaster cost increases (Johnson and
Olshansky, 2017).
In the United States, multi-billion-dollar housing repair
and rebuilding programs were designed and operated by the
States of Mississippi, Louisiana, New Jersey, and New York,
as well as New York City, with HUD CDBG-DR funding.
These programs helped to provide valuable financial resources
to single-family homeowners, multifamily rental properties,
and affordable housing construction. The single-family homeowner grant programs have been generally limited to as much
as $150,000 and awards deducted the funds that applicants
received from insurance or other disaster assistance programs.
These programs also took many months, even years, to design
and launch and the HUD CDBG-DR funding required supplemental disaster appropriations by Congress that commonly
took months to years to approve.
In New Zealand, the national government, through the
Earthquake Commission (the national earthquake insurance
program), managed repairs of 72,500 moderately damaged to
severely damaged homes with insurance claims in the range of
$15,000 to $100,000 in New Zealand dollars (about $10,050
to $67,000 in U.S. dollars as of December 2018) (New Zealand Earthquake Commission [EQC], 2014). By establishing
the more centrally managed process, the national government
aimed to help restore confidence in the housing market and
manage the costs of construction materials and labor, but the
program was also plagued with complaints about the quality of
materials and workmanship (Johnson and Olshansky, 2017).

Other Housing Recovery Interdependencies and
Issues
Household-level decisions to stay and rebuild depend
on more than just housing damage and access to recovery
resources. Other important factors include: the speed, strength,
and certainty of economic recovery; availability of jobs and
businesses; speed with which utilities, critical community
services, and nearby businesses are restored; and regulatory
changes to inspections, planning, construction, or zoning
(Comerio, 2006; Groen and Polivka, 2010; Xiao and Van
Zandt, 2011; Xiao and Nilawar, 2013; Elliott, 2014; Greer,
2015). Delays in the restoration of important community
facilities and services, including schools, hospitals, doctor’s
offices, general health care services, fire and police stations,
city and county administration buildings, and social services
can deter population return and impede housing recovery.
As discussed by Porter (2018) and Jones and others (this
volume), the Mw 7.0 mainshock and aftershocks of the HayWired
scenario will cause infrastructure disruptions and damage,
particularly to transportation and water distribution systems, that
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would impede housing recovery. Figure C2 shows the water
distribution restoration curves by county for the Mw 7.0 mainshock
of the Hayward scenario. Significant restoration delays are
possible for customers in parts of Alameda, Contra Costa, San
Mateo, and Santa Clara Counties, where water distribution system
damage could be most severe. In particular, the potential damage
to the water distribution system of the East Bay Municipal Water
District could cause the average customer in Alameda County to
be without water for six weeks, and some customers could lack
water service for six months (Porter, 2018).
In general, for a housing unit to be deemed habitable, it must
have access to water, sewer, and electricity (Bay Area Urban Area
Security Initiative, 2011). It is possible that occupants of habitable
housing units in areas that have extensive water system damage
may be displaced for an extended period of time because of water
service outages. There may also be instances where the owners
of damaged single-family and multifamily buildings may delay
or decide against repairs and rebuilding until utility services are
restored. The many aftershocks in the HayWired scenario could
also cause additional housing and utility damage and essentially
“reset the clock” for many housing recovery efforts.
The restoration of transportation systems is crucial to
regional economic recovery, as well as housing and community
recovery. The combination of damaged regional highways and
the Bay Area Rapid Transit system in the HayWired scenario (see
Jones and others, this volume) could essentially sever north-south
transport through central Alameda County and hamper housing
recovery throughout the east bay corridor. The analysis of the jobshousing relation by Wein, Belzer, and others (this volume) informs
the commute analysis by Kroll and others (this volume), which
considers the potential effects of roadway and highway damages
and extended repair times
economic
2 onReport
Titlerecovery.
Local government planning and permitting processes can
also influence the pace of housing recovery. The high costs and

extensive bureaucracy of local housing approvals and construction
are commonly blamed for the region’s housing affordability and
supply crisis (Hanlon, 2017). Hard-hit communities, in particular,
could be overwhelmed by the planning and permitting needs
resulting from a major earthquake. After the 2017 wildfires, both
the City of Santa Rosa and Sonoma County established special
permit review teams and reduced permit costs for fire-damaged
properties in order to help homeowners rebuild as quickly as
possible (County of Sonoma, 2018; City of Santa Rosa, 2019).

Areas Requiring Substantial
Governmental Intervention and
Replanning
After a major earthquake, like that in the HayWired scenario,
there will be immense psychological, economic, and political
pressures to enable repairs and reconstruction as quickly as
possible. Taking time to evaluate damage causes and patterns,
assess future risks, and consider actions to reduce future risk
may be seen as interfering with rapid recovery. However,
the postdisaster period can provide unprecedented financial
resources and other opportunities to reduce future risk and make
other improvements. Some areas may also be so extensively
damaged that market forces alone cannot facilitate recovery and
governmental interventions and replanning may be required.
Determining which areas can successfully recover according
to existing plans and policies and which will need to be replanned
is a difficult task that largely falls to local governments to
address. It is possible to identify the types of areas that may
require governmental interventions and replanning after a major
earthquake. Table C6 provides a typology of these potential

Figure C2. Line graph showing the
water distribution restoration curve by
county for the HayWired earthquake
scenario mainshock in the nine-county
San Francisco Bay region, California.
Data originally from Hazus-MH 2.1
(Federal Emergency Management
Agency, 2012) and modified for
Alameda, Contra Costa, and Santa
Clara Counties by Porter (2018). Figure
from Jones and others, this volume.
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Figure 2. Line graph showing the water distribution restoration curve by county for the
HayWired earthquake scenario mainshock in the nine counties adjacent to San Francisco

Potential communities at risk in the HayWired scenario

Neighborhoods along San Francisco, Richmond Marina, and San
Pablo Bays, especially those built on bay muds or artificial fill and
along major inland drainage ways; see Jones and others, 2017, and
Seligson and others, 2018.
Areas of potentially concentrated building damage caused by
liquefaction are in Richmond, San Pablo, unincorporated North
Richmond, Albany, Berkeley, Emeryville, Oakland, City of
Alameda, San Leandro, Hayward, Union City, and Fremont.
Neighborhoods in these areas that also have populations vulnerable
to displacement and may lack recovery resources or an ability to
return.
Santa Cruz Mountains, Neighborhoods on steep to very steep slopes and on existing
Areas with substantial
landslides in the east bay hills near the hypothetical rupture zone
1989 Loma Prieta
land, building, and
of the Hayward Fault and other parts of the region, especially
earthquake (Tyler,
infrastructure damage
those areas of strong ground shaking (greater than 20 centimeters
1995)
caused by landslides
per second), poor geologic-material strength and steep slope
Anchorage, Alaska, 1964
gradient; see McCrink and Perez, 2017.
earthquake (Pruess,
1995; Tyler and others, Areas of potentially concentrated building damage from landslide
are just to the east of the Hayward Fault trace in parts of Oakland,
2002)
Berkeley, and unincorporated Kensington.
Niigata, Japan, 2004
Neighborhoods in these areas that also have populations vulnerable
earthquake (Iuchi,
to displacement and may lack recovery resources or an ability to
2014)
return.
Areas with surface fault Napa, 2014 earthquake Neighborhoods along the 63-km stretch of the Hayward Fault that
ruptures on land from Point Pinole in the north to the Warm
rupture, including
(Hudnut and others,
Springs area of Fremont in the south, with as much as 2 meters of
afterslip
2014)
coseismic slip as well as 0.5–1.5 meters of afterslip; see Aagaard,
San Fernando, 1971
Schwartz, and others, 2017.
earthquake (William
The Hayward Fault runs through a highly developed area and most
Spangle and
structures and infrastructure are not specifically designed to
Associates, 1980)
withstand displacement associated with coseismic slip or afterslip.
There are 577 structures—including 535 residential buildings—in
the areas of measurable offset from coseismic slip and afterslip
along the Hayward Fault for the mainshock of the HayWired
scenario. There are 2,654 structures—including 2,515 residential
buildings—in the zone of uncertainty along either side of the fault
rupture zone in the HayWired scenario.
Neighborhoods in these areas that also have populations vulnerable to
displacement and may lack recovery resources or an ability to return.

Area

Past earthquake
example(s) and key
references
Christchurch, New
Areas with substantial
Zealand, 2010–11
land, building, and
earthquakes (van
infrastructure damage
Ballegooy and others,
caused by liquefaction
2014; Rogers and
others, 2014; Johnson
and Olshansky, 2017)

[km, kilometers; km2, square kilometers; MMI, Modified Mercalli Intensity; Mw, moment magnitude; BART, Bay Area Rapid Transit]

Potential government interventions and
replanning actions
Access control
Emergency structural and land
stabilization measures
Potential zones of required investigation,
in accordance with the California
Seismic Hazards Mapping Act and
Alquist-Priolo Earthquake Fault
Zoning Act
Areawide (not site-specific) geologic
hazard investigation to assess
future risks
Multi-hazard considerations, including
current and future flood risks for
liquefaction areas and winter storm and
wildfire hazards for landslide areas
Regional and local planning
considerations, such as priority
development areas and priority
conservations areas in the “Plan Bay
Area 2040”
Community engagement in hazard
evaluations, planning, and
rebuilding decisions
Psychological and social service support
Temporary building moratorium until
investigations and planning are
completed
Areawide remediation approaches
Site development and building code
changes
Land use and zoning changes
Voluntary buyout program or land
acquisition for replanning areas
Funding for access control, emergency
measures, hazard investigation,
planning and community engagement,
areawide remediation, property
buyouts, and building, road, and
infrastructure repairs and replacement

Potential damage, hazard,
and risk considerations
Damage to building
foundations and structural
integrity
Damage to roads and buried
infrastructure
Additional damage from
aftershocks (such as
repeated liquefaction,
slope failures, fault
rupture, or building and
infrastructure damage)
Increased vulnerability to
flooding (current and
future) in liquefaction
areas
Increased vulnerability to
slope failures in landslide
areas
Uncertainty about
the feasibility and
affordability of land
remediation for
liquefaction, landslide,
and other ground failure
damage
Uncertainty about
the feasibility and
affordability of repairs
to existing buildings and
infrastructure
Building owner mortgage
loan defaults
Occupant displacement and
(or) voluntary relocation
Property blight
Decline in property values
Loss of property tax
revenues

Table C6. Potential areas that may require governmental interventions and replanning to facilitate recovery in the HayWired scenario, San Francisco Bay region, California.
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Areas subjected to shaking levels of MMI VIII or above are most
vulnerable to building damage; see Aagaard, Boatwright, and
others, 2017. Those areas that also have high-density wood
construction and population densities greater than 3,000 people
per km2 are most vulnerable to post-earthquake fires; see
Scawthorn, 2018.
Areas of concentrated building damage caused by ground shaking
and fires in the economic subareas1 of western Contra Costa
County; northern, central, and southern Alameda County; DublinPleasanton; Novato; and Vallejo.
Areas with concentrations of multifamily housing and (or) lowincome renters in north Richmond, Pinole, east Oakland,
Hayward, and Union City.
Older neighborhood-serving retail districts in Pinole, Richmond,
Kensington, Albany, Berkeley, Oakland, Piedmont, San Leandro,
Alameda, Castro Valley, and Hayward.
Neighborhoods in these areas that also have populations vulnerable
to displacement and may lack recovery resources or an ability to
return.
Jones and others (this volume) investigated the exposure of five
lifeline infrastructure systems (water, electric power, oil and
gas, transportation, and telecommunications) to all the different
hazards from the Mw 7.0 mainshock of the HayWired scenario
(ground shaking, surface fault rupture, liquefaction, landslide, and
fire) and identified an area of 178 km2 that had four overlapping
mainshock hazards as well as a small 0.2 km2 area along the
Hayward Fault trace where all five mainshock hazards overlap;
see Jones and others, this volume.
Areas where substantial damage patterns of both buildings and
infrastructure offer opportunities for realignment, removal,
or substantial reconfiguration and redesign of transportation,
infrastructure, and the surrounding neighborhoods.
Areas surrounding highway bridges and BART facilities with
extended repair times.
Areas surrounding San Francisco Bay with seaport, airport,
wastewater treatment, and oil and gas processing facilities that
may sustain substantial damage.
Neighborhoods in these areas that also have populations vulnerable to
displacement and may lack recovery resources or an ability to return.

Potential communities at risk in the HayWired scenario

1

Economic subareas are defined by Wein, Belzer, and others (this volume).

Areas with substantial
Embarcadero Waterfront,
transportation and
San Francisco, 1989
infrastructure damage
Loma Prieta earthquake (King, 2004a)
Hayes Valley, San
Francisco, 1989 Loma
Prieta earthquake
(King, 2004b)
West Oakland, 1989
Loma Prieta earthquake (Jackson, 1998)

Area

Past earthquake
example(s) and key
references
Areas with concentrated Downtown Santa Cruz,
1989 Loma Prieta
building damage
earthquake (Mader and
caused by ground
Tyler, 1991; Tyler and
shaking and fire
others, 2002)
Los Angeles “ghost
towns,” 1994 Northridge earthquake
(Comerio, 1998;
Olshansky and others,
2005, 2006)
Kobe, Japan, 1995
earthquake (Olshansky
and others, 2005, 2006;
City of Kobe, 2010;
Edgington, 2010)

Table C6.—Continued

Damage to building
foundations and structural
integrity
Damage to roads, bridges,
and other lifeline
infrastructure facilities
Additional building and
infrastructure damage
from aftershocks
Uncertainty about
the feasibility and
affordability of repairs
to existing buildings and
infrastructure
Building owner mortgage
loan defaults
Occupant displacement and
(or) voluntary relocation
Property blight
Decline in property values
Loss of property tax
revenues

Potential damage, hazard,
and risk considerations
Access control
Emergency structural and infrastructure
stabilization measures
Temporary transportation and
infrastructure service provision
Regional and local planning
considerations, such as priority
development areas and priority
conservations areas in the “Plan Bay
Area 2040”
Community engagement in planning
and rebuilding decisions
Psychological and social service
support
Temporary building moratorium until
planning is completed
Site development and building code
changes
Land use and zoning changes
Voluntary buyout program or land
acquisition for replanning areas
Funding for access control, emergency
measures, planning and community
engagement, property buyouts, and
building, road, and infrastructure
repairs and replacement

Potential government interventions and
replanning actions
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areas with examples from past disasters; general descriptions
of potential communities at risk in the HayWired scenario;
potential hazard, damage, and risk considerations; and potential
governmental interventions and replanning actions that might be
taken. The potential areas requiring governmental interventions
and replanning in the HayWired scenario pertain to land damage
from ground failure (Detweiler and Wein, 2017) and concentrated
building and infrastructure damage (section A; Jones and others,
this volume).
All of these areas are likely to sustain substantial damage
to buildings and infrastructure from the Mw 7.0 mainshock
of the HayWired scenario. They could also face additional
damage from aftershocks and an increased vulnerability to
other hazards, such as flooding and slope failures. These
changes in risk may lead to uncertainty about the feasibility
and affordability of land remediation and repairs to existing
buildings and infrastructure. Ripple effects may include
mortgage defaults by building and property owners, occupant
displacement and (or) voluntary relocation, physical, social,
and mental health issues for impacted residents, property
blight, declining property values, and a loss of property tax
revenues for local and State governments.
Many of these conditions were observed in past
earthquakes. For example, in the 2010–11 Canterbury, New
Zealand, earthquakes, properties were repeatedly damaged
by liquefaction and also faced an increased vulnerability to
flooding and uncertainty about the feasibility and affordability
of repairs to existing buildings and infrastructure (van
Ballegooy and others, 2014; Rogers and others, 2014; Johnson
and Olshansky, 2017). After the 1994 Northridge earthquake,
mortgage loan defaults, occupant displacement and voluntary
relocation, health and safety issues, property blight, and the
decrease in property values all occurred in the “ghost town”
neighborhoods of Los Angeles (Comerio, 1998; Olshansky
and others, 2005, 2006).
Governmental interventions and replanning actions that
were undertaken to address these postdisaster conditions
started with controls on access to the heavily damaged areas
and emergency measures to stabilize damaged buildings
and protect against other vulnerabilities (like flooding and
slope failures). Rebuilding will also be subject to State and
local planning and building regulations. Some of the heavily
damaged areas are likely to be in the zones of required
investigation for liquefaction and earthquake-generated
landslide under the California Seismic Hazard Mapping Act
(Public Resources Code, Chapter 7.8, Section 2690–2699.6)
and active faulting under the Alquist-Priolo Earthquake Fault
Zoning Act (California Code of Regulations, Section 3603(f))
(California Geological Survey, 2018).
There may also be areas where geologic hazard
investigations on individual building sites may not provide
an adequate understanding of future risks. This was the case
in Santa Cruz County, California, after the 1989 Loma Prieta
earthquake, where the potential risks caused by ground
deformation in the mountains could not be assessed adequately
through uncoordinated investigations on individual sites

(Tyler, 1995). Santa Cruz County commissioned a technical
study to determine the potential areawide risk to several
hundred homes and adopted a moratorium on rebuilding in
this “area of critical concern” until the study was completed.
Finding a funding source for such studies can be difficult;
in the case of Santa Cruz County, FEMA agreed to fund the
study, which took two years to complete.
Such investigations may also reveal that areawide
solutions are necessary to mitigate the hazards. Such solutions
may need to involve land acquisition and the demolition of
some structures. This was the case in the Canterbury region of
New Zealand where areawide geologic-hazard investigations
concluded that the structures in some liquefaction-damaged
areas could not be adequately repaired to withstand future
liquefaction hazards without major geotechnical engineering
efforts to properly compact the ground and stabilize nearby
riverbanks (van Ballegooy and others, 2014; Rogers and
others, 2014; Johnson and Olshansky, 2017); see sidebar 3.
Funding for areawide solutions is also challenging,
especially if impacted building owners are already facing
significant repair costs. New Zealand’s national government
decided to offer a voluntary buyout to property owners in
liquefaction and rockfall hazard areas to allow certainty
for owners as soon as possible (see sidebar 3; Johnson and
Olshansky, 2017). In the United States, voluntary buyout
programs are most commonly applied in postflood events.
Such programs were designed and implemented as part of
major housing repair programs after the 2005 and 2012
hurricanes using HUD CDBG-DR and FEMA HMGP funds
(Johnson and Olshansky, 2017).
Post-earthquake geologic hazard investigations also may
need to consider the risks posed by other hazards, including
current and future flood risks for liquefaction areas and winter
storm and wildfire hazards for landslide areas. Earthquake
damage may increase the vulnerability of land and structures to
other hazards and there may be opportunities to mitigate the risks
from multiple hazards as part of a repair or rebuilding solution.
Community engagement, especially with affected property
owners, would be essential throughout any post-earthquake hazard
investigation as well as in the design of hazard mitigation solutions
and rebuilding decisions.
In some areas, the earthquake damage in the HayWired
scenario and subsequent ripple effects may be so significant  that
replanning of these areas may be required. Community
engagement is always an essential part of any land use planning
effort, but it can be especially challenging to design and implement
a demographically representative and inclusive planning process
if residents and businesses have been temporarily displaced by
disasters (Olshansky and Johnson, 2010).
Local and regional planning considerations would
also need to be taken into account. The strategies outlined
in these plans may already call for changes in land use and
occupancy. For example, some areas may be designated as
priority development areas and priority conservations areas
in the “Plan Bay Area 2040,” which has the core strategy of
focusing future growth in the region into existing communities
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Sidebar 3—Residential Land Damage and Buyouts after the 2010–11 Earthquakes,
Canterbury Region, New Zealand
The City of Christchurch and the Canterbury region
of New Zealand were shaken by a series of earthquakes in
2010 and 2011. The first was a moment magnitude (Mw) 7.1
earthquake that struck 44 kilometers (km) west of the city
center on September 4, 2010, and the second was a Mw 6.3
earthquake that struck on February 22, 2011, and was located
only 6 km from the city center. The second killed 185 people,
caused two dramatic building collapses, and rendered nearly
half of the central business district buildings uninhabitable
(Earthquake Engineering Research Institute, 2011). In total,
there were thousands of aftershocks, including more than 30
Mw 5.0 or larger earthquakes and two more Mw 6.0 or larger
earthquakes spaced about six months apart, and at least a
dozen episodes of liquefaction in some neighborhoods.
New Zealand’s national government, through its
Earthquake Commission (EQC), offers natural disaster
insurance for residential properties that includes coverage
for land damage caused by earthquakes, landslides, and
other natural hazards. Thus, the EQC conducts land damage
assessments of insured properties as part of its claims process.
Because of the scale and extent of land movements arising
from the earthquakes, the EQC commissioned an areawide
investigation to understand the extent and severity of land
damages (van Ballegooy and others, 2014; Rogers and others,
2014). Nearly 65,000 residential properties experienced
repetitive damage and multiple insurance claims from
liquefaction, rockfall, and other ground failures that also
heavily damaged surrounding roads, water, wastewater, and
stormwater drainage systems (Johnson and Olshansky, 2017).
These studies, combined with the building damage
inspection data, formed the basis of the national government’s
decision on June 23, 2011, to zone all residential properties in
the Canterbury region as suitable or unsuitable for rebuilding

Home that subsided because of
liquefaction damage, Christchurch,
New Zealand. Photograph by Laurie
Johnson, November 21, 2011.

and announce a package to buy more than 7,000 insured
residential properties in the “red zone” area at a price based on
the most recent property tax valuation (Canterbury Earthquake
Recovery Authority, 2016). The red-zone offer was voluntary,
and property owners were under no obligation to accept it, but
it was unclear whether utility services would be continued to
property owners who did not sell (New Zealand Human Rights
Commission [HRC], 2013). By July 2013, nearly 95 percent
(7,143) of red-zone property owners had agreed to sell, and
most of the properties were cleared by 2016 (HRC, 2016).
At the time of publication, planning for the reuse of the redzone areas continues. The EQC has also assessed and made
payments to more than 14,000 properties that had increased
flood and liquefaction vulnerability, and thus a loss of property
value, caused by the earthquake-induced land damage
(Johnson and Olshansky, 2017).
The widespread damage to the region’s residential
building stock combined with the extensive buyout effort
caused shortages; rental and for-sale housing costs rose by
more than 30 percent on average during the first five years of
recovery (Johnson and Olshansky, 2017). Affordable rental
housing or government-owned public housing constituted a
high proportion of the lost housing units, and the inhabitants
have found it particularly difficult to find affordable housing
(HRC, 2013). Homelessness rose and reconstruction of the
public housing stock has been slow; concerns persist that more
government intervention is needed to provide more affordable
housing (Johnson and Olshansky, 2017). On-going monitoring
of the well-being of the region’s residents identified major
individual and household stressors, including the anxiety
caused by aftershocks, living in a damaged environment,
insurance settlement issues, difficult transport, and additional
work-related demands (Nielsen, 2015).

Chapter U. Analysis of Communities at Risk in the HayWired Scenario   131
and along the existing transportation network (Metropolitan
Transportation Commission and Association of Bay Area
Governments, 2017). Allowing additional dwelling units and
providing for other development density bonuses are ways
that local governments could help incentivize property owners
to rebuild. Both the City of Santa Rosa and Sonoma County
adopted new measures after the 2017 wildfires to encourage
fire-damaged, single-family property owners to build
additional dwelling units as part of the recovery (Mendoza,
2017). Temporary building moratoriums may also be needed
in some areas until replanning is completed. Implementation
for the replanned areas may ultimately involve site
development and building code changes, land use and zoning
changes, and voluntary buyout or land acquisition programs.
Psychological and social service support may be especially
important for impacted residents in affected areas.
Governmental interventions and replanning take
community engagement, money, and time, and the demands
would likely come at a point when populations are displaced
and local government budgets may be very constrained
because of tax base reductions and the additional costs of
repairing publicly owned facilities and infrastructure. All
properties that have been substantially damaged or destroyed
in a State-proclaimed disaster are eligible for a property tax
deferral and to have their property value reassessed, thereby
reducing their overall property tax rate (California Revenue
and Taxation Code section 170). The HayWired scenario could
result in tremendous decline in property tax value in some
communities with a commensurately large decrease in local
and State property tax revenues for several years.
In general, community-scale land use changes and
relocations are rare in the United States, since residents, and
even governments, tend to seek to restore normalcy as quickly
as possible after disasters (Olshansky and others, 2006;
Johnson and Olshansky, 2017). However, disasters do provide
an opportunity to relocate residents and communities away
from hazard-prone areas as part of reconstruction, but there
can be adverse economic, social, and psychological impacts,
particularly for low-income households and the elderly, if the
policies are not well designed and managed and if livelihoods
are location specific (Nelson, 2014; Sapat and Esnard,
2017). Further implications related to businesses in areas of
concentrated damage are considered by Wein, Belzer, and
others (this volume). Complexity of property ownership and
parcel characteristics, the availability and types of financing
and funding requirements, preexisting plans and conditions,
such as gentrification or blight, the history of natural disasters,
level of disaster damage, and future risks, local cultural
norms, and a sense of community and attachment to place
are all factors influencing postdisaster land use changes
and permanent relocation decisions (Green and Olshansky,
2012; Nelson, 2014; Binder and others, 2015; Johnson and
Olshansky, 2017).

Discussion
This section of the communities-at-risk analysis builds on
the foundational work performed in sections A and B to develop
an integrated view of building damage from multiple earthquake
hazards and fire, and identify areas of concentrated damage, as
well as the numbers and characteristics of populations most at
risk of displacement, in order to assess the long-term community
recovery challenges that may result from a major earthquake in the
San Francisco Bay region, like that in the HayWired earthquake
scenario. The material is organized around three key issues that
past disasters have shown to impede long-term community
recovery: (1) assembling the financing resources for recovery,
(2) repairing and rebuilding damaged housing, and (3) addressing
areas that require substantial governmental interventions and
replanning in order to recover.
In a major earthquake sequence like that in the HayWired
scenario, it will be difficult for residents, businesses, and
governmental and nongovernmental agencies to quickly assemble
the substantial resources necessary to fund repairs and rebuilding.
Total estimated losses for the HayWired scenario using Hazus
sum to around $102 billion in damages (2016 U.S. dollars),
with those losses split between residential (43.5 percent) and
nonresidential (56.5 percent) occupancies. The actual cost of
repairs and rebuilding could be substantially higher, however,
because of the already high construction costs in the region and
postdisaster construction cost inflation. CoreLogic, Inc. (2018)
estimates $167.3 billion in potential losses resulting from the
HayWired scenario (including $23.7 billion caused by the
aftershock sequence), in the form of damages and disruption
to commercial and residential property as well as automobiles
caused by earthquake ground shaking, landslide, liquefaction,
and fire hazards. More than 40 percent of the damage is incurred
in Alameda County. Contra Costa and Santa Clara Counties also
have high proportions of the total property damage, at 15 and 18
percent, respectively.
Though there are some significant discrepancies between
the Hazus and CoreLogic building-related loss estimates, the
important point to consider is the scale of loss—a loss that
does not yet account for the longer term indirect and induced
losses that are not directly related to property damage but
caused by social and economic disruption.
In most areas of the United States, insurance is a
foundational element of a community’s disaster recovery. In
the nine-county region, among all residential fire policyholders
(comparable to general property insurance) only about 10
percent have an earthquake insurance policy. Most of the
commercial earthquake insurance in the State covers large
commercial buildings, whereas smaller commercial businesses
do not typically buy earthquake insurance (owing to cost, short
business time horizons, and small amounts of at-risk assets).
CoreLogic, Inc. (2018) estimates $30.2 billion in insured losses
for the HayWired earthquake sequence and fire, covering about
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23 percent of commercial losses and 12 percent of residential
losses. Approximately 87 percent of the total insured losses are
incurred in Alameda, Contra Costa, and Santa Clara Counties—
the three counties with the highest damage levels—but
insurance covers at most 21 percent of the losses (in Alameda
County) and less in the rest of the region.
A major earthquake like the mainshock of the HayWired
scenario would almost certainly trigger State and Federal
disaster assistance programs and activities. These programs
help provide valuable financial resources to single-family
homeowners, multifamily rental properties, and affordable
housing construction. Studies from past disasters have shown,
however, that race, ethnicity, gender, income, language fluency,
cultural differences, and political connectedness can differentially
influence the accessibility and distribution of formal disaster
assistance, especially from government sources. For the HayWired
scenario, some of the hardest hit communities also have high
levels of social and economic vulnerability, and thus many
individuals, households, and business owners in these areas may
have difficulty obtaining formal disaster assistance. Funding
delays, inflexible regulations, lengthy approval processes, and
reduced state and local tax revenues also complicate and limit the
effectiveness of government funding.
Financing housing repair and replacement depends on the
extent of damage. Of the nearly 1 million residential buildings
and 1.37 million housing units that sustain some level of damage
from all hazards in the HayWired scenario, nearly 90 percent are
single-family or duplex buildings in a slight to moderate damage
state (most likely caused by ground shaking). In these cases, likely
loss levels may not exceed insurance deductibles, but would be
within the range of financing available with SBA disaster loans
and FEMA Individual Assistance grants.
An estimated 97,397 residential buildings (housing 93,381
single-family and duplex units and as many as 78,445 multifamily
units) are in an extensive or complete damage state because of
ground shaking, fault rupture, liquefaction, landslides, and (or)
fire. These losses may be partly covered by insurance, but may
fall short because of underinsurance. Otherwise, SBA disaster
loans, FEMA Individual Assistance grants, conventional loans,
individual savings, or assistance from philanthropic or nonprofit
funders would be needed to fund repairs and rebuilding (including
temporarily increased construction costs). Some owners may
sell their home and relocate. Financial challenges could involve
low-income property owners, mortgage defaults, and affordable
housing, in particular.
Household-level decisions to stay and rebuild depend on
more than just housing damage and access to recovery resources.
Other important factors include the speed, strength, and certainty
of economic recovery; availability of jobs and businesses; speed
with which water utilities, critical community services, and nearby
businesses are restored; and regulatory changes to inspections,
planning, construction, or zoning.
The potential areas requiring local governmental
interventions and replanning in the HayWired scenario pertain to
land damage from ground failure and concentrated building and
infrastructure damage. Adverse effects of community-scale land

use changes include economic, social, and psychological impacts,
particularly for low-income households and the elderly, if the
policies are not well designed and managed and if livelihoods are
location specific.
Community engagement, especially with affected
property owners, would be essential throughout any postearthquake hazard investigation as well as in the design
of hazard mitigation solutions and rebuilding decisions.
Community engagement is always an essential part of any
land use planning effort, but it can be especially challenging to
design and implement a demographically representative and
inclusive planning process if residents and businesses have
been temporarily displaced by disasters. Local government
budgets for community engagement, replanning, and other
interventions to help stimulate community recovery may
be very constrained because of tax base reductions and the
additional costs of repairing public facilities and infrastructure.
Assumptions and approaches taken in this recovery analysis
draw largely on past recovery experiences from earthquakes in
California and New Zealand and hurricanes that struck the Atlantic
and Gulf Coasts of the United States. Some areas of potential
follow-up study to enhance our understanding of the potential
recovery challenges that the San Francisco Bay region may face
after a future earthquake include:
• Estimate likely Federal and State recovery funding
needs and analyze different funding scenarios for the
HayWired and other major earthquake scenarios for the
San Francisco Bay region.
• Construct an incremental and measured depiction of how
recovery in the HayWired scenario unfolds through time
(for example, 6 months, 1 year, 2 years, 5 years, and 10
years) and some of the long-term recovery challenges
that are likely to result from these impacts, perhaps on a
neighborhood or community-specific level. Such detailed
scenarios can offer added value and use in local recovery
and hazard mitigation planning.
Research needs revealed by this analysis that would
enhance the understanding of community recovery processes
more broadly include:
• Systematic and longitudinal data collection and
analysis of postdisaster recovery financing resources
and gaps, the distribution of resources and potential
redistribution of wealth from past disasters, and as part
of future disaster research.
• Systematic and longitudinal data collection and
analysis of the physical repair and recovery times of
the built environment, especially housing, as well as
the key social, economic, and political concerns and
outcomes from past earthquakes and other disasters,
and as part of future disaster research. This includes
data collection and monitoring of postdisaster damage
assessments, property tax assessments, permitting,
occupancy certificates, sales, and land use changes to
track recovery.
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• Disaster-specific analyses of the physical (built and
environmental, especially post-earthquake fires and
geologic hazards, such as fault rupture, liquefaction,
landslides, and other forms of ground failure), social,
economic, and political factors that most strongly
influence population, housing, and communityscale recovery and how certain policy and planning
interventions and other external factors affect
population displacement, as well as housing and
community-scale recovery.
• Further examination of the effects of land use policy
and comprehensive planning as contributions to
community vulnerability to disasters, including
population displacement and long-term housing and
community recovery challenges.
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